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1.      ANALYSIS   OF   DESIGN   REQUIREIY1ENTS 

At the present time, most accel 
on a vibrator or on a centrifuge at 1 
assumes linearity of the acceleromete 
range, which may be several orders of 
calibration level. Various impact me 
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accelerometer responses suitable for 
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peak input acceleration. To account 
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There are other characteristics of the g-time input that 
can also produce undesirable accelerometer responses, particularly 
rise time of the pulse.  Zero-rise-time pulses like the square 
wave produce high amplitude ringing with an amplification factor 
of 2, as shown in Figure 2.  A triangular pulse with zero rise 
time (the t /t  = 0 curve of Figure 3) will also produce high 
amplification factors.  However, when the buildup time as a 
fraction of total duration is ^ or more, as shown in Figure 3, 
the amplification factors at t./j   =   3-4 approach 1.0.  The 
ideal combinations of t /t  and t./j   are obtained when (t,/T)x 
(tp/t^ = 2, or:       p  1      1 1 

t  = 
P 

2T (2) 

Since both Eqs. (l) and (2) are related to the acceler- 
ometer's natural period, it is evident that the calibrator must 
either have the capability of varying its impact duration or 
its utility will be limited to accelerometers with a narrow 
range of natural periods.  Fortunately, accelerometer natural 

1.  ITO, Kornhauser, "Structural Effects of Impact," Spartan 
Books, 1964. 
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frequencies and g-leuels are correlated closely.  Table 1, 
for example, lists seueral Columbia Research Laboratories 
high-g accelerometer frequencies and peak g's.  Also given 
in Table 1 are impact durations t. using the minimum t./T 
according to Eq. (1).  The requirement on impact duration 
mould be = 120 microseconds if the calibrator uere designed 
to accommodate all the accelerometers listed in Table 1. 

There is a practical consideration involved in impact 
testing, that the accelerometer must be recovered safely 
after having been accelerated by the input pulse.  For example, 
the velocity developed by a 5D,0D0g pulse with a duration of 
120 microseconds is 50,000(l20x1O"6 ) (9.81) = 59 m/s.  Since it 
has been found in practice that velocities above about 30 m/s 
are increasingly difficult to handle safely, the desire to 
employ the longest possible duration must be tempered someiuhat. 
Accordingly, the follotuing requirement on impact duration has 
been adopted: 

t = 90 microseconds (3) 

Note that a 90 microsecond 
for all the accelerometers in Tab 
accelerometers. The requirement 
therefore seen to afford a fairly 
accelerometers that could be test 
also clear that not all accelerom 
category. 

ITleasurement of the input am 
quirement, but its method of acco 
in the absence of good "standard" 
already been calibrated to 50,000 
much easier to accomplish, homeve 
velocity sensor or by using gravi 
for example, with a pendulum ujith 
initial velocity and by the decel 
the velocity measurement approach 
the folloujing implications: 

(1) Until some "standard" 
calibrated it luill be necessary t 
meter's output, obtain the area u 
record, and equate the integral o 
The calibration constant, volts/g 
integrated constant that ujill not 
if the accelerometer is non-linea 

(2) After a good "standard 
found ujith an output constant tha 
different excitation levels, this 
for purposes of calibrating other 
kind of calibration is done, a si 

calibrator Luould be suitable 
le 1 except for the 10,000g 
expressed by Eq. (3) is 
aiide latitude in the range of 

ed by the calibrator, but it is 
eters are included in this 

plitude is an obvious re- 
mplishment is not obuious 
accelerometers that have 

g.  l/elocity measurement is 
r, either directly tuith a 
ty as the primary standard as, 
a stuing height deLermined by 

oration of gravity.  Adopting 
as a design requirement has 

accelerometers have been 
o record the test accelero- 
nder its output vs. time 
f xdt to the measured velocity. 
, will therefore consist of an 
be accurate at all g-levels 

r. 

" accelerometer has been 
t is truly constant at 
accelerometer may be used 
accelerometers.  When this 

ngle test will permit com- 
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parison of the accelerometer' s output ujith the stanaard, 
point-by-point, at all the acceleration levels deliuered 
by the calibrator in that impact. 

Implicit in the above discussion is the assumption 
that the calibrator's g-time outputs mill not be known 
accurately until i_^ has been calibrated.  It is possible to 
design calibration systems with peak outputs that can be 
predicted accurately as, for example, if an air gun is used 
as the accelerator and the air pressure is measured at the 
time of release of the piston on ujnich the accelerometer is 
mounted.  Hotueuer, the entire g-time history will not be 
known, and only a test accelerometer's peak output could be 
calibrated by a single test.  It is therefore necessary to 
perform a complete calibration of the calibrator at all 
acceleration levels. Afterwards, it does not really matter 
if the calibrator's calibration curves are used as the 
standard for purposes of calibrating accelerometers, or if 
a "standard" accelerometer is used for that purpose. 

2 SELECTION   OF   IdflPLENlENTATIOl 1ETH0D 

A variety of methods of implementing the calibrator 
requirements have been considered, and the following have 
been rejected early in the process of evaluation: 

(1) Air guns - Too expensive 
(2) Bullet impacts - Usually too short-duration, 

but this adverse feature can be overcome by using a soft 
impact surface on the carriage.  However, in the interests 
of developing a safe laboratory device, the use of explosives 
has been ruled out. 

(3) Exploding foil - Duration too short. 
(4) Electrohydraulics - Discharging a capacitor into 

an underwater gap can be made to produce a very intense, short- 
duration pressure pulse suitable for meeting the calibrator 
requirements.  This approach is, however, a relatively in- 
convenient variation of the electromagnetic method which will 
be.considered for detailed analysis. 

(5) Low velocity impacts - The flat faced drop testers 
or other forms of impact device are rejected for reasons of 
lack of reproducibility from test to test.  The round-nose 
impact surface approach is retained for further consideration. 

Two prime candidates for implementation, round-nose 
impact devices and- electromagnetic pulse devices, were con- 
sidered in detail.  Figure 4 contains plots of impact durations 
of steel balls on steel plates at low velocities.  The required- 
90 microseconds duration can be obtained by ball diameters 
between 2.54 cm and 5.08 cm.  If a mass larger than the solid 

15 
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ball is required, houjever, these curves are not applicable. 
The case of a carriage mitn a nose diameter not equal to the 

9 9 carriage diameter has been analyzed^ in detail.  Also reported 
are test performance data ujith a 5.08 cm diameter carriage 
(NQL Type DA Drop Tester - Short Duration) with a 254 cm 
diameter round nose.  It produced an impact duration of about 
50 microseconds and a peak acceleration of 22,700g at 3.45 m/s 
impact velocity.  This carriage bounced tuith about 85 percent 
of its impact velocity.  Since the bounce direction ujas not 
repeatable the carriage tended to strike its guides, thereby 
retarding the bounce velocity.  It ujas therefore necessary to 
use high speed photography to measure the initial bounce 
velocity as the carriage left the anvil.  In spite of the 
basic simplicity of this method and excellent correspondence 
between theoretical predictions and actual performance, it is 
the necessity for extreme precision in alignment and guidance 
that has been the determining factor in rejeotinq the round- 
nose impact approach.  Table 2 presents some of the factors 
considered in comparing round-nose impact systems tuith electro- 
magnetic systems.  It was the reoeatability issue that urns the 
deciding factor in favor of the electromagnetic pulse method. 

Figure 5 is an assembly draiuing of the electromagnetic 
pulse calibration system.  The coil assembly consists of a 
coil of copper strip conductor embedded in epoxy plastic, 
shown mounted on a reaction mass on the left, Luith the 
accelerometer and aluminum plate (carriage) on the right. 
UJhen a capacitor is discharged into the coil, an intense 
electromagnetic field is created betiueen the face of the 
coil and the aluminum plate, and the plate is accelerated 
aujay from the coil with a 50,000g acceleration and a pulse 
duration of 90-100 microseconds.  Figure 63   shoius a typical 
pressure-time pulse obtained with electromagnetic pulse 
equipment used for metal forming.  These pulses are approx- 
imately the shape of a versed sine, with a buildup time 
someiuhat less than half the duration nf the pulse. 

After the accelHrometer has been accelerated, its 
carriage strikes buffers designed to provide a momentum 
exchange betiueen the carriage and the pendulum ujith minimum 
bounce.  because of the large mass ratio, the pendulum will 
start its siuing with a velocity of only about .6 m/s.  The 
velocity sensor and the pendulum siuing sensor provide in- 
dependent measurements of the pendulum's velocity, from 

2.  ryi. Kornhauser, "Potentialities of the Impact 
Producing High Accelerations," S.E.S.A. Proc 

lachine for 
XIU, 2, 1955 

E,3. Bruno, ed., "High Uelocity Forming of [Yletals," American 
Society of Tool and Manufacturing Engineering, Dearborn, Pflich 
Revised Ed., 1958, Chap.5 
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which the accelerometer's uelocity may be calculated. Design 
details of the electrical aspects and mechanical features are 
covered in the folloujing sections of this report. 

ELECTRICAL DESIGf 

There are only a Few critical elements in the electro- 
magnetic pulse system, as follows: 

(1) A pooler supply for charging the capacitor or 
capacitor bank. 

(2) A capacitor or capacitor bank with sufficient 9 

capacitance and uoltage to store the required energy, ^-CU . 
The-capacitance also enters into the equation for pulse 
duration. 

(3) A switch capable of dumping the capacitor's 
energy into the electromagnetic coil. 

(4) An electromagnetic coil with enough turns and 
current-handling capacity to produce the field with high enough 
intensity, and high enough inductance to produce the required 
pulse duration. 

3.1  Electromagnetic Coil 

Flat coils, or "pancake" coils, with copper conductors 
in a spiral configuration, haue been built for NASA in the 

20 



early 1960'a.  Their performance characteristics have been 
reported » .  Table 3 summarizes their design and performance 
features.  Electromagnetic design of the coil ujill be based 
largely on the data given in Table 3o 

The field produced by^a pancake coil is far from uniform, 
as may be seen in Figure 7  , and theoretical equations are 
not available for predicting the average magnetic pressure 
produced over the surface of the u/orkpiece.   A semi-empirical 
equation has been offered by IY1. Roberts of the Everson Electric 
Co . , as f OIIOUJS : 

627I\II- 
In R9/R 1 

(1-R/R2) 
(4) 

tuher 
turn 
cute 
coil 
accu 
give 
and 

requ 
addi 
u/ith 
with 

e B is t 
s in the 
r radius 
in cent 

racy of 
n in Tab 
measured 

In Tab 
ired for 
tional p 
RVR^ 
R^/R^, a 

he field strength in gausses, N is the number of 
coil, I is the current in amperes, R9 is the 
in centimeters and R  is the inner radius of the 

imeters.  In order to evaluate the predictive 
Eq. (4), it ujas applied to the design features 
le 3 and comparisons tuere made betujeen predicted 
field strengths. ■ 

le 3 is only the outer radius is given, but BO/R-, 
Eq. (4).  Fortunately, there are reports  on two 

ancake coils, one with R2/R   =   3.68 and the other 
5.D2.  The ratio (in Ro/R-, )/(l-FL/R,) varies 
s folloLus: z  '      l      /- 

R2/R'] 

(In R2/R1)/(1-Rl/R2) 1 .55 1 .85 2.01 2.15 

Since Eq. (4) is not too sensitive to R?/R.   in the range 
from 3 to 5, a nominal value of R /R = 4 will be used.  Eq. (4) 
in' the form B = 1.161MI/R  is applied to the data of Table 3, 
as given in Table 4. 

Table 4 indicates that Eq. (4) predicts B from .83 to 

4. NASA, "The Electromagnetic Hammer," NASA SP-5034, Dec. 1955. 

5. (Tl.C. Noland, et al, High-Velocity lYletalujorking, A Survey," 
NASA SP-5052, 1957, Chap. 2. 
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Table 4.  Empirical Evaluation of Equation 4 

CQIL 4 5 

R j,, cm 

NI, kA 

B, kilogauss 

(Yleasured   B, kilo- 
gauss 

Calc ./iYleasured 

5.04 12.4 

1155 1025 

211 95 

132 

1 .50 1 .45 

13.3 

981 

85.5 

44. 9 

1 .90 

5,. 00 

1254 

291 

200 

1 .45 

5.00 

1050 

244 

26Q 

.94 

5.00 

290 

200 

1.45 

10.0 

1250 !1072 

124 

130 

.95 

15.0 

910 

70.4 

85 

. 83 

1.90 times B achieved in practice.  Since it is advantageous 
to design a coil ujith a good margin of performance, Eq. (4) 
is modified by about a factor 
f ol IOUJS : 

I 
a = .30^- 

of 2.0 for use in design, as 

To relate B to pressure: 

In F^/^i 

(1 - R1/R2) 

P = 4E 'xlO atm (6) 

This pressure is applied over the surfac 
or carriage holding the accelerometer to be te 
pressure distribution (Figure 7, for example) 
the mass distribution (and this kind of matchi 
tuith the concentrated mass of the acceleromete 
of the plate, even if one could rely on knoiuin 
distribution) there Luill be a tendency for the 
and thereby drive r,he accelerometer in a force 
For example, a 25 gram accelerometer ujith 1.59 
is equivalent to a 4.55 cm thickness of alumin 
accelerometer is mounted on a looi-frequency pi 
much less than 4.55 cm, for example .64 cm, th 
tribution at the end of the relatively impulsi 
consist of a velocity gradient increasing from 
at the center to a much higher velocity at the 
After the input pulse, the accelerometer mould 
forced vibration as the plate brought the acce 
its coin velocity. 

e of the plate 
sted.  If the 
does not match 
ng is difficult 
r at the center 
g the pressure 
plate to vibrate 

d vibration. 
cm base diameter 

urn.  If thi s 
ate tuith thickness 
e veloci ty di s- 
ve input mill 
a low velocity 
outer diameter. 
experience a 

lerometer up to 
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In order to av/oid a forced vibration input to the 
acceleronneter, the plate's natural period must be designed 
to be short enough relative to the magnetio input pulse 
duration so that its vibrations are minimized.  For free 
circular aluminum plates, Figure 8 gives the natural frequencies 
in the three lotuest modes of vibration, according to equations0 

that agree ujell with experiment.  With the plate loaded in its 
"umbrella mode", it tuould be expected to respond in the zero- 
nodal-diameter mode, Luith a natural frequency as folloius: 

f = 225 h/R, kHz (7) 

where h 
tuith t. 
and f = 
must be 
aieight, 

is the plate thickness in cm.  For a ratio t./T = 2, 
= 1 DO microseconds, natural period T is 5Q microseconds 
2Q kHz.  Table 5 shotus hom thick the aluminum plate 
in order to obtain a natural frequency of 20 kHz, its 
the peak pressure required to produce 50,000 g, the 

associated magnetic pressure, and l\i I from E q. (5) with R /R - 4, 

Table 5.  B for 20 kHz Aluminum Plates 

R^, cm 3.81 4.45 1 5.08 
i 

5.35 7.62 

h for 20 kHz, cm 

Plate LUeight, kg 

Total Weight, kg 

P, atmospheres 

B, kilogausses 

(\!I , kA 

1 .29 

. 163 

. 188 

173 

65.8 

445 

1 .76 

.303 

.327 

235 

76.8 

605 

2.30 

.516 

.541 

308 

87.7 

790 

3.59 

1.26 

1.28 

481 

110 

1235 

5.17 

2.61 

2.64 

693 

132 

1778 

The number of turns N affects B strongly according to 
Eq. (5), it is dependent on R„ because of practical values 
of conductor thickness and insulation thickness, and it affects 
inductance L directly, as shoiun by Figure 9.  Coil inductance 
appears to be relatively independent of coil diameter and of 
conductor cross section dimensions, but Figure 9 shoais its 
dependence on M.  Accordingly, the curve of Figure 9 mill be 

5.  S. Timoshenko, "Vibration Problems in Engineering," 2nd Ed., 
Van Nostrand, 1937, pp. 430, 431. 
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used for predicting coil inductance, Luhich generally consists 
of nost of the inductance of the discharge circuit. 

The number of turns that can be fitted into a coil of 
given diameter ujill be estimated on the basis of conductors 
.229 cm thick ujith insulation .076 cm thick, since this 
combination ujas used in several of NASA's successful coils. 
With R2/R1 = 4: 

■R2/.3a5 (a) 

For the coils presented in Table 5, Eq. (8) states 
the maximum number of turns and the minimum current, as 
giuen in Table 6.  Also included in Table 5 are values of 
L taKen from Figure 9. 

I able 5 I, and L for 20 kHz Plates 

R2,   cm 3.81 4.45 5.08 5.35 7.62 

N   from   E q.    (8) 9.4 10.9 12.5 15.6 18.8 

I=(-a)/M,    kA ■ 47.5 55. 3 63.2 79.0 94.8 

L,    Fig.    9,    ph .80 1 .25 2.00 4.40 8.60 

The voltage and capacitance are related to L and I 
by the folloiuing equation for the under-damped circuit: 

\]   =   I(L/C)2 (9) 

Some (Ylaxiuell Laboratories, Inc. capacitors mill noiu 
be . considered for use with these coils, if their combinations 
of capacitance and peak voltage ratings are suitabl-e.  Taking 
I and L from Table 6 and combining them with C of each can- 
didate (Ylaxiuell Laboratories capacitor, one may use Eq. (9) to 
find the voltage required.  Table 7 contains the results of 
these calculations, and it also gives the peak voltage rating 
of the capacitor.  'whenever the voltages exceed the capacitor's 
maximum rating they are circled, indicating that the capacitor 
is not suitable for that coil.  Table 7 shows that only the 
7.62 cm and 10.2 cm diameter coils have a good match with 
these (Ylaxwell Laboratories capacitors. 

28 



Table   7 latching   Capacitors   and   Coils 

(YlaxLuell Capacitor 33004 33003 33002 33001 33501- 

C, microfarads 60 120 180 240 | 400 

f R9=3.81 
4.45 

kU from         5.0 8 
/Qx     ]          6.35 Eq. (9)     ^         7>62 

5.48 
7.98 

3.88 
5.54 

3.17 
4.61 

2.74 
3.99 

2. 12 
3.09 

( 21 .4 
V35.9 

8.16 
15.1 
25.4 

6.66 
12.4 
20.7 

5.771 4.47 
10.7  8T2?\; 
15.0  13.9/ 

k U Rating 10 7 6 5 5 

as   folloiiis: 
Buildup   time,    t   ,    for   an   under-damped   circuit   is 

tp = itrdc)"2" 10) 

ujhere t  is in microseconds if L is in microhenries and 
C is in microfarads.  Applying Eq. (10) to the non-circled 
combinations of Table 7: 

Table 3.  Buildup limes, (Tlicroseconds 

^^\C apacitor 

R2  \ 
33D04 33003 33002 33001 33501 

3.81 
4.45 
5.08 

/^10.9 
V 13.6 

15.4  18.9! 21.8 
19.2i 23.6  27.2 

28.1^ 
35. V 

- -  i  -  |  -    44.4 

match 
400- m 
equal 
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both 
a IOUJ 
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icro 
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itor 
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the 

ugh 
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combi 
ble 8 
d cap 
alf t 
alter 
form 
bank 
be s 
stan 

peak 
10.16 

nation 
, only 
acitor 
he t^ 
native 
a bank 
appro 

u i t a b 1 
dpoint 
voltag 
cm di 

s of coils and fYlaxujell capacitors 
the 10.16 cm diameter coil and the 
have a high enough LC to make t 

requirement of Eq. (3).  It is  ^ 
solution to use more than one 
tuith higher capacitance.  Using 

ach, any of these candidate cap- 
e for use aiith any of the coils, 
of producing a high enough t  and 

e.  In the interests of economy, 
ameter coil is selected as the best 
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ural freq 
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the plate 
5. 08 cm. 

83 kg, so 
he same e 

di stribution 
rs advisable, 
celeration 
a vibration, 
uency at the 
is used (Table 

eter plate), it 
's thickness to 

The lueight of 
that higher 

lee tromagnetic 

is a sketch of the coil assembly, very similar 
0.16 cm coil4 built for NASA and tested Luith 
capacitor bank to 14,000 joules ujithout any 
failure.  The folloLuing procedure tuas given 

ure of this coil, using a thermal-setting 
the follooiing composition: 

IL't., percent 

55.5  Epirez 5091 (Oones-Dabney Co.) 
33.3  LP 3 (Thiokol Chemical) 
11.2  Curing Agent "Z" (Shell Chemical) 

(1) Wrap uire and BP 908-181 epoxy-impregnated glass- 
cloth strip, or equivalent, for 12.5 turns.  Coil laminated 
as folloujs:  first 3 turns with 3 laminates, next 5.5 turns 
Luith 1 laminate, and last 3 turns with 3 laminates. 

(2) Apply Scotchiueld EC 1386 adhesive (minnesota 
lYlining & ITlfg. Co,) to both faces, filling voids. 

(3) Oven cure for 1 hour at 450oK using pressure 
plates against each coil surface. 

(4) Wrap coil completely using BP 908-181 (or equiv.) 
epoxy-impregnated glass cloth. 

(5) Oven cure for 90 minutes at 436°K. 

(6)  Encapsulate onil using -100 epoxy resin (Sl/o at 

Epirez 5091, 43.8^ LP 3, 5.2^ Die thylenetriamine) and cure 
at room temperature. 

(7) Cement aluminum plate to cured epoxy face using 
epoxy-resin adhesive (as in item 6 above) and cure at room 
temperature. 

3.2  Capacitor 

Circuits for electromagnetic metal forming tend to be 
under-damped. For critical damping, the folloujing equation 
applies : 
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R = 2(L/C)2 (11) 

The 10.16 cm diameter coil ujith L = 2.00 microhenries, 
used ujith a 400 microfarad capacitor, would need a total 
circuit resistance of .14 ohms for critical damping.  The 
resistance of the coil itself, with about 6 m of copper 
ribbon .23x.95 cm in cross-section is calculated to be only 
about .0045 ohms.  LUith such a small circuit resistance, 
the discharge oiould be distinctly oscillatory and the first 
uoltage reversal would be about 94 percent of the applied 
voltage, according to the following formula: 

M /M  = r 
_ e-iTtR(c/L)

2 

(12) 
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circuit's effective 
e resistance coupled from 
or example, 1/ /\1   is about 
and about 0.5 for another' 

aboratories Bulletin 301-1 
Discharge Capacitors) shows 
xpeoted to shorten the life 
ows that the life expectancy 
ed excessively if the coil 
but good life can be an- 

metal workpieoes. 

ves the following figures on 
of the capacitors considered 

Capacitor 

33001-33004 
33501 

Cycles   with   0-20^ 
Woltage   Rev/ersal 

1x10^ 
2x10 

Cycles with 80^ 
Uoltage Reversal 

1x10? 
1x10 

These numbers are high enough even with high voltage 
reversals for a capacitor that discharges only once per test, 
when employed in the calibrator's electromagnetic circuit. 

3.3  Switch 

Various kinds of switches have been used with electro- 
magnetic metal forming circuits including partially-evacuated 
gap switches, air-ionization gap switches, and crowbar 
ignitrons.  At the voltage levels contemplated for the 
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calibrator there aiill be no need for an ev/acuated gap, and 
either a simple air gap sujitch or an ignitron switch would 
be appropriate. 

Figure 12 gives spark gap distances us. uoltages for 
needles and for spheres wi^h various diameters.  At 5-10 k\l, 
the spark gap distance is less than about .5 cm using spheres 
with any diameter less than about 2.5 cm.  It is therefore 
planned to employ a soleno_d-operated gap as follows: 

(1) During the capacitor charging cycle, the spheres 
are held a distance of about 1 cm or more. 

(2) ■ When the capacitor has been charged to the desired 
uoltage, the charging switch will be opened to prevent damage 
to the power supply. 

(3) A solenoid will be actuated in order to move one 
sphere to within about 0.1 cm of the other, thus allowing 
the capacitor to discharge into the coil circuit. 

It is difficult to predict at this time whether the 
circuit will be oscillator;' to the extent that more than one 
pressure pulse will be daliuared to the accelerometer.  If 
this is found to occur to an objectionable extent, it may be 
necessary to use a crowbar ignitron switch that opens when 
the current drops to zero, thereby preventing oscillations. 

3.4  Safety 

All high voltage equ;.pme 
and the capacitor bank wil.. be 
enclosure. The following iddi 
planned: 

(1) Warning lights will 
volts exists across the bank. 

(2) The enclosure's ace 
interlock for shorting the cap 

(3) The charging switch 
door is open. 

(4) The spark gap suite 
operator contact during normal 

(5) The solenoid for op 
will be normally open.  Power 
solenoid by a switch in series 
switch. 

(6) The solenoid switch 
directly in front of the coil 
personnel are mounting the ace 
adjusting the instrumentat;on. 

nt including the power supply 
housed in a grounded steel 

tional safety features are 

indicate that more than 100 

ess door will be fitted with an 
acitor bank to ground. 

will not function if the access 

h will not be accessible to 
operation. 

crating the spark gap switch 
will be made available to the 
with. the. solenoid operating 

will be located at a station 
to prevent system' function while 
elerometer to be tested or are 
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IY1ECHANICAL   DESIGf 

4.1      Pendulum 

The accelerometer and mounting plate, weighing about 
.408 kg when a 25 gram accBlerometer is being tested, will 
be accelerated by a pulse with a peak aceelnration of 50,00Dg, 
a duration of about 100 microseconds, and a form factor of the 
order of .60.  Since this acceleration pulse will produce a 
velocity of about 31 m/s, rather high decelerations will be 
required to stop the plate in a reasonable distance.  The 
average decelerations necessary to bring the plate to rest 
from 31 m/s are given in Table 9. 

Table ?.  Stopping Distances and Reverse G's 

Stopping Distance, cm 7,62 5.08 2.54 1.27 

Average deceleration, g 521 932 1863 3727 

Reverse g/50,000 .012 .019 .037 .075 

Aug. Force, kg 253 380 760 1520 

Although the plate could be brought to rest against 
some rigid barrier, it was decided to have the plate strike 
the cushioned surface of a pendulum.  This arrangement prevents 
any high stopping forces from being deliv/ered to the calibrator's 
framework.  Further, the p.ate's velocity after undergoing a 
momentum exchange with the massive pendulum is reduced enough 
to make velocity measurements very easy, and also permit the 
pendulum's swing to serve as a velocity measurement.  A pend- 
ulum with length L starting with velocity equal to ml//(fYl + m), 
where m is plate mass and fl is pendulum mass, will swing to 
height H, as follows: 

H = (■ l + m 
•)V/2g (13) 

The horizontal swing x is as follows: 

x2 - H(2L-H) (U) 

Eqs. 
lengths L. 

(13) and (14) are plotted in Figure 13 for various 
It is convenient physically to keep x and H as 

small as possible.  However, in ;he interests of being able 
to use x as a velocity measurement, the larger x is made the 
smaller the percentage error made in this measurement.  A 
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reasonable compromise has been taken as x = 15 cm and pendulum 
uelocity = .5 m/s, which leads to a stuing height of about 2 cm, 
From the momentum exchange equation: 

408) = 20 kg (15) 

The coil can also be treated as a pendulum, with the 
double-pendulum configuration shown in Figure 5.  If the coil 
weight is increased to abojt 20 kg by adding about 16 kg of 
weight to the coil itself (see Figure 10), it should theoretically 
swing the same amount as the pendulum.  However, it is expected 
that the rigidity of the coaxial cable leading to the coil will 
interfere with the coil's swing enough to prevent its use in 
making meaningful measurements. 

4.2 Accelerometer Recover/ System 

Various m 
the pla 
siuin g \j 
to have 
but the 
sidered 
propert 
other h 
softly 
hobby s 
c ro ss-s 
Figure 
c ube of 
for thi 

te's 31 
eloci ty . 
low eno 
percent 
accep ta 
ies but 
and, has 
with lit 
hop.  Ac 
action LU 

14 is th 
balsa 1 

s applic 

Figure 15 
Using the energ 
flections and p 
would experienc 
on the face of 
plate will be s 
50,000g acceler 

ater 
m/s 

Se 
ugh 
ages 
ble. 
are 
bee 

tie 
cord 
as p 
e de 
oade 
atio 

con 
y c u 
eak 
e, u 
the 
ubje 
atio 

ials and concepts were studied for reducing 
v/elocit/ down to the pendulum's .6 m/s 
ueral rjbber and plastic buffers were found 
dynamic moduli, in the 14 - 55 iflPa range, 
of energy return or bounce were not con- 
Plastlc foams 7,8    ^asje   eminently suitable 

not readily available.  Balsa wood, on the 
n found to absorb large amounts of energy 
bounce  and it can be purchased at any 
ingly, a bar of balsa wood with 2.54x2.54 cm 
urchased, cut into 2.54 cm cubes and tested, 
flection vs. force curve for the 2.54 cm 
d normal to the grain.  It proved too stiff 
n when loaded parallel to the grain. 

tains a curve of energy absorbed vs. deflection 
rve, it ujas possible to calculate the de- 
reverse g's that the catcher and accelerometer 
sing various numbers of 2.54 cm cubes mounted 
pendulum.  With 3 cubes of balsa, the .408 kg 
cted to a deceleration about .133 times the 
n.  In oractice the balsa cubes may be glued 

D.L. Daigle and 0.0. Lonborg, "Evaluation of Certain Crushable 
materials," 0PL Technical Report 32-120, Jan. 13, 1961 

F.0. Limbert and LU.O. Persin, "Impact Testing of High-Density 
Semirigid Urethane Foa;i for Automotive 3umper Applications, 
SAE Paper 720132, Oan. 10-14, 1972 

D. Bresie, "Practical Limits for Balsa Impact Limiters 
TN D-3175, Oan. 1966 
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or taped to the face of the pendulum.  Figure 5 shous the 
plate suspended by wires for support in its initial position 
against the face of the coil, and for support after impact 
on the face of the pendulum. 

4.3  Stress Analysis of Plate 

Th 
applied 
of 689 P 
elec trom 
25 gram 
this is 
accelero 
the maxi 
side by 
side by 
Poi sson' 

e plate is loaded by an inertia load of 5D,0QDg 
to 2.54 cm of aluminum (equiv/alent to an areal density 
a), uhich is equivalent to 34.5 TflPa applied by the 
agnetic pulse.  Since the plate is accelerating the 
accelerometer ujith its areal density of 1234 Pa, 
equivalent to51.7 (YlPa applied to the base of the 
meter.  Roark   gives the folloLuino equation for 
mum stress 
a constant 
a constant 
s ratio taken 

2 

at the center 
pressure over 
pressure over 

of a 
area 

plat^ 
■JTr. 

the entire 

loaded 
and on 
area 

as   .30 
■tTr22 

on   one 
the   other 

(wi th 

3(Trr1
Ap)(.3D) 

2lTh 
2 

;4.33   log: 
1 

2.33 
4 (1-^2) (16) 

ujhere P is 61.7 ITlPa, h is .0254 m, r2 is .0508 m, and r. is 
.00794 m.  Entering these numbers into Eq . (16), S = 23.3 [YlPa. 
This stress is IOUJ enough so that any aluminum mould be strong 
enough in a 2.54 cm thickness. 

If the thickness of the plate is reduced to .635 cm from 
r = 3.81 cm to r = 5.08 cm, this outer ring behaves as though 
it is being subjected to a pressure almost 34.5 fYlPa higher than 
the rest of the plate because of its loiuer inertia.  Treating 
this ring as a built-in plate, the folloiudng formula u applies: 

^        r- r0 r,     r„z Ti 
3Pr, 

Ah' 

17.33   log: 
X 

-   6.3 3   +   2.3 3—4   + ^ 
1 

2 
4.33   +   2.33   r,   / 

"2 
(17 

Applying   P   =   34.5 
]?'=   3.81    cm    to    Eq.     (17),    ! 
The   actual   stress   Luill   be 

IPa, 
is 

Ty=   5.08   cm, 
calc ulated 

h   =    .635   cm, 
to   be   482   fflPa. 

toujer for the folloiuing two reasons 

10.  R.3. Roark, "Formulas 
4th Ed., 1965 

for Stress and Strain IcGraiu-Hill, 
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(l)  The outer ring has some inertia by virtue of its 
.635 cm thickness, and the effective pressure should be of 
the order of |(34.5) rather than the 34.5 (YlPa used in the 
calculation. 
to about 361 

This correction would reduce the maximum stress 
IPa. 

(2)  The magnetic pressure distribution for a pancake 
coil (see Figure 7) should be quite a bit lower at the outer 
radius than at the center. 

Despite these mitigating factors, a strong aluminum 
will be used for the plate;  either 2D24-T81,T851 with a 
yield strength of 414 (YlPa or 2024-T861 with a yield strength 
of 455 fflPa. 

Figure 16 contains drawings of some of the major 
mechanical parts of the coil, the pendulum, and the accel- 
erometer mounting plate.  Other mechanical parts shown in 
Figure 5 such as the angle iron framework, the massive channel 
to support the mechanical assembly ( a 25.4 cm steel channel 
weighing approximaLely 29.8 kg/m), and other less critical 
components will be detailed as fabrication proceeds. 

5.  INSTRUmEWTATIOl 

In Figure 5 a velocity and swing sensor is shown resting 
against the rear of the pendulum.  The sensor selected for 
this purpose is a Schaevitz Engineering velocity transducer 
7L6V/T-Z.  The probe or core is a .635 cm diameter permanent 
magnet whose motion produces a voltage, as follows: 

UJith Alnico \J   fflajnet = 200 m\i/in./sec. 

UJith Non-Breakable Pflagnet = 80 m\j/in ./sec. 

Since this is a self-generating device, no external 
excitation voltage will be required.  Its output will be 
recorded by a digital peak reading voltmeter, calibrated to 
read the pendulum's velocity directly in m/s. 

Because of the 1.91 cm vertical motion of the pendulum 
the probe will not be attached rigidly to the pendulum.  Instead 
its end will be placed in contact with the rear of the pendulum 
and vertical sliding will occur as the pendulum swings.  Two 
readings will be made: 
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(1) Peak uelocity of the pendulum, ujhich occurs 
immediately after impact by the accelerometer plate. 

(2) maximum horizontal travel of the pendulum and 
sensor core, measured directly by taking the difference 
in initial and final positions of the core.  Eqs. (13) and 
U4} will be used to calculate the pendulum's velocity, an 
this independently-measured velocity ujill serve to check t 
velocity sensor's reading above. 

To obtain the accelerometer' s velocity, it ujill be 
necessary to obtain the ujeight of the plate + accelercmeter, 

, and the.pendulum ujeight HI.  The relationship of accelero- 
eter velocity \l   to pendulum velocity v is as folloius: 

d 
he 

UJ 

me 

V/v   =   (IU + LU)/LU (18) 

As an alternate approach, the probe could be placed 
directly against the top of the accelerometer to read the 
accelerometer's velocity directly.  The probe's 53 grams 
adde.d to the .408 gram ujeight of the plate will not reduce 
the calibrator's capacity unduly, but it is quite possible 
tha t. inaccurate readings tuould be caused by the probe 
bouncing off the accelerometer's surface.  The high-g 
environment of the accelerometer, 50DQD g and 31 m/s, is 
much more difficult to deal with than the lotuer-g environ- 
ment of the pendulum (6650 g and .61 m/s). 

None of the velocity measurements made above are 
necessary if a luell-calibrated "standard" accelerometer is 
tested at the same time as the accelerometer to be calibrated 
and their outputs compared directly.  In the absence of such 
a standard, houjever, the test accelerometer's output must be 
recorded and the integral of the voltage-time record compared 
with velocity in order to obtain the accelerometer's mU/g 
constant.  The voltage vs. time output of the accelerometer 
is recorded and the area under the curve obtained by numerical 
integration or by planimeter.  In addition, some of the neiuer 
recording systems such as Nicolet and Biomation have features 
that permit easy integration. 

Note that the accelerometer's constant obtained from 
a single test record is an average value for the range of 
accelerations experienced in that particular test.  If the 
accelerometer is non-linear, a second test at a higher or 
lower peak acceleration could yield a different "constant". 
Accordingly, it is recommended that tests are run at several 
levels leading up to 50,000 g as a means of determining the 
linearity of the accelerometer. 
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A.1  System Description 

The mechanical components of 
calibration system were constructed 
body of this report (see Figure 5 - 
system, and Figure 16-(Yliscellaneous 
exception of minor improvements sue 
along the length of the coil's exte 
bar that prevents the pendulum from 
damaging the accelerometer or the f 
weight of the pendulum assembly tur 
(19.7 kg), while the test plate wit 
weighs .896   lbs. (406 grams), with 

the 50,0D0g accelerometer 
as described in the main 
Assembly of mechanical 
parts drawings) with the 

h as bolted clamp segments 
rnal leads and a ratchet 
swinging back and possibly 

ace of the coil.  The total 
ned out to be 43.5 lbs. 
h a 25 gram accelerometer 
a mass ratio of 48.5:1. 

Electrically, there was a major change made in the 
switch used for dumping the capacitor's energy into the 
electromagnetic coil.  Rather than use of movable spheres 
or needles as described in ths design section of this report, 
it was decided to employ an ignitron switching system. ^ Figure 
A-1 shows the overall wiring diagram including the ignitron 
and its trigger circuit.  major components are as follows: 

(1) Power Supply - Universal Uoltronics (iKlt. Kisco, 
N.Y.) (Ylodel BAP-10-5.5.  This is a ID kU power supply with 
a maximum charging current of 5.5 milliamps (approx. 6 minutes 
to charge the 400 microfarad capacitor to 5 kU). See Appendix 
C for instruction manual. 

(2) Capacitor and Bus Assembly - maxwell Laboratories, 
Inc. (San Diego, Calif.) supplied the 400 microfarad, 5 k\J,    5 kO 
Capacitor No. 33501 and the bus assembly, including the 330 ohm 
charging resistor and Ignitron model 95-00865 (similar to GE 
model GL7703, 25 kV, 100 kiloamps).  See Appendix D for GE's 
pamphlet on ignitrons. 

(3) Coil - The coil was made by Euerson Electric Co. 
(Lehigh V/alley, Pa.) essentially as described in Figure 10. 
As fabricated, the coil contains 16.5 turns.  It has been 
potted in an epoxy cylinder 12.7 cm  in diameter and 10.2 cm 
long, into the back of which are drilled and tapped f"20 holes. 
The coil assembly components (epoxy cylinder, mounting plate, 
and a 2.54 cm plywood spacer)are bolted together by eight 
i-20 bolts. 

(4) Ignitron Trigger Circuit - maxwell Laboratories, 
Inc. supplied the trigger circuit.  This circuit is triggered 
by an ordinary 12V d.c. battery after it has been charged up 
with 115V. 
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(5)  Capacitor Bleeder Relay - A high uoltage relay 
tuas procured from Ross Engineering Corp. (Campbell, Calif.) 
as a major safety feature of the potentially lethal elect- 
rical system.  lilhen 115 \l   potuer is not applied to this relay 
it shorts the capacitor to ground, thereby bleeding off any 
residual charge that may remain after a test has been run. 
It is (Ylodel E-12NC, rated at 12 kV.  A 5 kohm, 225 U) resistor 
(Qhmite No. 1354) is used to bleed the charge to ground. 

The pendulum velocity transd 
Chap. 5 of this report was not emp 
pated difficulties in holding the 
probe in contact with the pendulum 
as well as horizontally) and expec 
transducer itself would have to be 
cided to use a sliding pencil syst 
swing on paper.  Accordingly, the 
its rear face two sliding pencil i 
pendulum's maximum swing.  Any lat 
pendulum to impact with the accele 
as differences between the two pen 
averaged.  The recording paper is 
tilted about 11° from the horizont 
the vertical sliding motions of th 
arrangement the pencils move less 
though the vertical motion of the 
when it swings 15.24 cm horizontal 
trace to within about .051 cm lead 
percent for a 15.2 cm swing of the 

ucer system described in 
loyed.  Because of antici- 
end of the transducer's 
(which moves vertically 

tation that the velocity 
calibrated, it was de- 

em to record the pendulum 
pendulum has mounted on 
ndicators that record the 
eral reactions of the 
remoter plate are recorded 
oil -traces, which are 
mounted on a clipboard 
al in order to minimize 
e pencils.  Ulith this 
than about .95 cm even 
pendulum is about 2.54 cm 
ly.  lYleasuring the pencil 
s to an error of about 0.3 
pendulum. 

A.2  I nstallation 

(Ylechanical installation of the calibration system is 
a simple matter, since the 25.4 cm steel channel on which 
the angle iron suspension framework is mounted does not have 
to be bolted down.  The 1.5 m  long channel may be located 
on any reasonably level work bench, table, or desk with 
access to two 115 W outlets, and access to a secure storage 
cabinet.  The only mechanical requirement is to brace the 
rear of the coil assembly (see Figure 5) against a nearby wall 
or floor support (not attached to the channel nor to the 
table on which the channel rests) in order to prevent ex- 
cessive flexure of the coil's leads, which could lead to 
mechanical fatigue. 

As a safety measure, it is recommended that all high 
voltage components are housed in a grounded cabinet that is 
kept locked and clearly marked with warning signs.  In this 
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installation, the coil's leads enter the cabinet through 
a 7.5 cm diameter hole in its back, since the cabinet is 
backed against the ujork table.  Another hole (2.54 cm 
diameter) in the side of the cabinet accepts the low 
voltage leads from the operator's control box, as follotus: 

(1) 115 \l   line to operate the capacitor bleeder relay. 

(2) 115 \l   line to charge the trigger circuit. 

(3) Sa/itch line to operate the 12 \l   trigger. 

To house the capacitor, trigger circuit and 12 \l 
battery, the cabinet size must be approximately  1.2 m uiide 
x .45 m  deep x .91 m high, or larger. 

A .3  Safety Measures 

fUechanical safety measures are minimal, since the only 
potentially dangerous moving part is the accelerometer mount. 
This plate moves only a short distance (less than 2 cm) at 
high velocity (of the order of 150 fps or 46 m/sec), but it 
could be a dangerous missile if it somehouj missed or bounced 
off the pendulum.  Accordingly, two safety measures are re- 
commended: 

(1) Personnel should not be permitted in the "line of 
fire" of the coil. 

(2) A clear plastic shield, of the order of 1cm or more 
in thickness, should be located between the operator and the 
framework during each test. 

Careful attention to electrical safety is mandatory, 
since the high voltages are potentially lethal.  The following 
procedures are recommended to supplement the basic safety 
afforded by the fail-safe charge bleeder relay: 

(1) UJarning signs should be displayed prominently to 
keep unauthorized personnel away from the work area. 

(2) The operator control box, calibrator framework 
and channel, power supply, cabinet and contents must all 
be grounded. 

(3) The cabinet must be locked securely, and warning 
signs placed on the cabinet to keep unauthorized personnel out, 
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UJhen the cabinet is opened to perform any uiork 
trical components Luithin, it is recommended that 
zed personnel make certain the capacitor is 
ground while the uork is being performed, 
of the apparently proper functioning of the 
e relay, it is recommended that a shorting 
s attached from the capacitor's anode to ground, 
hurting device should be employed, consisting 
y clips ujith a bleeder resistor in betueen, 
that the operator does not touch any conductors 
hing the clips to anode and ground.  The shorting 
Id be left attached whenever the cabinet is open. 

For additional safety (but not to replace the 
ecommended above), the cabinet doors may be de- 
utomatically short the capacitor to ground uhen- 
re open. 

A. 4  [Maintenance 

There are no routine procedures required for maintenance 
of the components of the calibration system.  All electrical 
components are rated for thousands of operations before 
failures are expected,  UJith the exception of the 12 V/ battery 
which is easily replaced, it is recommended that the manu- 
facturer of the electrical component in question perform any 
repairs Luhen necessary. 

Replacement of the pendulum suspension uuires may be 
required Luhen mechanical fatigue occurs.  The ujires employed 
in this installation are 15 mil steel music mires, 91.4 cm 
long.  They may be purchased at a hobby shop, as well as the 
balsa rods from which the energy-absorbing balsa cubes are 
cut. 

Mote that any adjustments to the bleeder resistor 
should be made with care.  The set screw should be loosened 
completely before moving the lug, and it should not be 
over-tightened. 
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B.1  Test Procedure 

The mechanical parameters that enter into the equations 
for velocity must be measured at the outset of each test 
series.  Pendulum wire length is most accurately measured 
as slant length !_*• and then corrected to vertical hanging 
length L through use of Figure B-1 .  Also included in the figure 
is the correction to convert pencil mark length X* along 
the sloping clipboard surface to horizontal swing X.  If the 
clipboard is used Luith angle Q   different from the 11° slope: 

X = X*cos6 (B-1) 

mas 
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enter into the momentum-exchange equation 
ed at the beginning of a test involving a 
meter.  Any changes made to the original 
ulum (43.5 lbs. or 19.7 kg) and test plate 
g when it holds a 25 gram accelerometer) 
and the accelerometer ujeighed.  For the 

ht, the cable connector plus about 2 mm of 
should be added to the mass of the accel- 
Any difference bettueen this total mass and 
ms can be corrected ujith the use of the 
ss" curve on Figure B-2.  Figure B-2 contains 
ometer velocity vs. pendulum swing X, tuith 
ndulum wire length and mass. 

After measuring the accelerometer's mass and mounting 
it on the test plate, the balsa blocks are taped on the impact 
face of the pendulum.  Then the coil/plate/pendulum system 
should be aligned by means of the wire adjusters.  After 
alignment, the test plate must be resting against the face 
of the coil (any gap would reduce the force delivered to the 
plate) and there must be some small gap (of the order of 5 mm) 
between the opposite face of the test plate and the balsa 
blocks (to prevent balsa block deceleration resistance while 
the test plate is being accelerated). 

When accelerometer mounting and System alignment is 
completed, the sliding pencil indicators are adjusted to be 
sure they make satisfactory contact with the recording paper 
throughout the anticipated pendulum swing.  The ratchet bar 
is placed in its functioning position and the pendulum is 
allowed to come to rest.  At the time when no further dis- 
turbances to the pendulum will be introduced, the recording 
paper is slid gently some small distance normal to the swing 
direction so that the zero positions of the pencils are 

57 





CO 

EH 
H 
O o 
Hi 

EH 

o 

w o o 
< 

0 

L=48.5 cm 
L=50.8 cm 

L=53.3 cm 

CORRECTION FOR MASS 

ACCELERQMETER MASS, gm 
1 1 \ I 1 h 

0 40 50 

10 
1 
20 

HORIZONTAL SWING, X, CM 

Figure B-2.  Accelerometer Velocity vs. Pen.dulum Swing 

59 



marked clearly.  The mechanical system is nouj ready to be 
activated by the electrical system in the folloujing firing 
sequence (as marked clearly on the operator control box): 

(1) 115 Uis supplied to the high voltage relay by 
sujitching #1 to the "on" position.  This causes the relay 
to open (no longer shorting the capacitor to ground) in 
order for the capacitor charging process to begin. 

(2) LUith the uoltage control knob set at zero, the 
poaier supply stuitch is turned on.  The High-V/oltage-On button 
is pressed and the red indicator light shoius that charging 
may proceed. 

(3) Stuitch #2 is turned on, thus charging up the 
trigger circuit. 

(4) The power supply v/oltage control knob is turned 
very slomly to charge the capacitor.  If the knob position 
is advanced at any time more than about 4Q0 volts above the 
reading of the capacitor voltage gage 'it may cause the overload 
soiitch to function (white indicator light).  In this case the 
control knob should be backed down to a position below the gage 
reading, the overload reset button pushed, the high--voltage-on 
button pushed, and the charging process continued.  Charging 
is a slow process, requiring about 5 minutes to reach 3 kV. 

(5) LUhen the capacitor voltage has been increased to 
the desired level, the power supply is turned off. 

(6) A final check on all instrumentation should be 
made before firing. 

(7) #3 switch applies 12 \J  to the trigger circuit in 
the "on" position, thus firing the system. 

(8) All switches on the operator control box are 
turned off.  This insures that any residual charge on the 
capacitor is bled to ground. 

(9) The pendulum may be released from the ratchet 
after the swing recording paper is removed. 

B. 2  System Performance 

Electrical performance of the coil circuit has been 
determined by measuring voltage and current through the coil. 
Figure B-3 shows the voltage (lower trace) starting at time 
zero at 3k\i, dropping to zero in about 80 microseconds, then 
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going to a negativ/e peak of about 2 k\l,    then positive to 
a peak of about 1.3 k\y,and so on in a damped oscillation 
o/ith a period of about 350 microseconds.  The upper trace 
on Figure 3-3 shoius a peak current of 10 kiloamps and about 
150 microseconds duration of the first positive pulse. 
Since Eq .(5) indicates that field strength B is proportional 
to current and Eq .(6) indicates that magnetic pressure P is 
proportional to B , the pressure and force and acceleration 
are theoretically proportional to current squared.  Houjeuer, 
since the test plate is moving atuay from the coil, one can 
expect diminishing effects of the current oscillations after 
the first positive pulse. 

Figure B-4 shoius the acceler 
accelerometer mounted on the tes 
shoius a high initial acceleratio 
microsecond positive duration (n 
oscillations ujith a 15 microseco 
on the input accelerations), tuhi 
current's initial positive durat 
of the accelerometer are reduced 
current's damped oscillations; 
damped acceleration oscillations 
90-100 microseconds. The upper 
the deceleration pulse that occu 
crushes the balsa blocks. The k 
illustrated by Figure B-4 is the 
of 150 microseconds. According 
natural period should be 50 micr 
frequency 20 kHz or greater) for 
calibration system. 

ations experienced by an 
t plate.  The loiuer record 
n pulse tuith about a 150 
ote that the accelerometer's 
nd period are superimposed 
oh corresponds to the 
ion.  Subsequent responses 
-amplitude versions of the 
hooiever, they appear as 
with a period of about 
record on Figure B-4 shows 
rs ujhen the test plate 
ey performance feature 
first positive pulse duration 

to Eq.(1} the accelerometer's 
oseconds or less (natural 
good calibrations tuith this 

Figure B-5 presents some results of velocity calibrations 
using pencil swing indicator data.  Test plate velocity may be 
estimated by the follotuing empirical fit to the curve in Figure 
B-5: 

\J   = 3.11 (kU)2'29, m/s (B-2) 

Note that the exponent is not far from the theoretical 
value of 2.00. 

If the first positive acceleration pulse tuith 150 
microseconds duration and half-sine form factor of .635 
tuere the only contributor to producing \J   of Eq.(B-2)) the 
accelerations delivered by the system tuould be V/. 635 (. 0001 50 ) (32 . 2 
as follotus: 

g1 = 3,320(kU) 
2.29 

g units (B-3) 
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Figure B-4  Response of Accelerometer UJith 15 microsecond 

Natural Period. 
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Analysis of the acceleration history of Fig ure B-4 
including the accelerations after the first positive pulse, 
hoa/ever, shoius that the first peak oias only .75 times the 
value given in Eq. p-3).  If this ratio is found to hold at 
all acceleration levels: 

g1 = 2,49Q(|<\i)2,29, g units (B-4) 

Table B-1 presents peak acceleration values according 
to Eq.( B-4). 

Table B-1.  Peak G According to Eq. (B-4) 

kU 

g., g units j 2,49Q j 12,200 30,800 59,600 99,300 

Another noteiuorthy feature of Figure B-4 is that the 
test plate's oscillations, estimated to be at 20-30 kHz, 
do not appear to have been excited to any great extent. 
It is likely, therefore, that the thickness and mass of 
the test plate may be reduced someuihat ujithout introducing 
objectionable oscillations, thus increasing the g., output 
capability of the calibrations system at all voltages. 

B. 3  Calibration of Accelerometers 

At such time that the user of this high-g calibration 
system  has calibrated certain accelerometers and found them 
ujorthy to serve as reliable "standard" accelerometers, it ujill 
be a very easy matter to employ this system.  The test acceler- 
ometer and the "standard" may be mounted side-by-side on the 
test plate and their outputs compared, tuithout the necessity 
of using the pendulum for measuring velocity.  Until the user 
has found such a "standard" accelerometer, hoiuever, the following 
method of calibration will be necessary. 

TUJO measurements are basic to this method of calibration, 
the velocity change experiencpd by the accelerometer and the 
voltage vs. time output of the accelerometer while it is being 
brought up to this velocity.  Velocity X is calculated from 
the maximum swing of the pendulum by means of Eqs. (13) and (14) 
or Figure B-2, or by independent measurements of pendulum or 
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test plate uelocity.  If the accelerometer's outputs are 
expressed in terms of millivolts per g: 

= Jx Xdt   = 

g 

m\j 
-j(mly) dt 

( jjTiV )d- 
(B-5) 

The quantity j(m\/)dt is calculated as the area under 
the millivolts us. time output of the accelerometer.  Some 
oscilloscopes can provide, thi s . calc ulation directly, ujhile 
others provide digital data that can be integrated by computer. 
In any case, it is important to continue the integration past 
the first positive pulse to account for the velocity that may 
be contributed by the subsequent oscillations (see the difference 
betiueen Eqs. (B-3) and (B-4) for example). 

Note that the accelerometer's mV/g constant determined 
by Eq.(B-5)is an average value for the' range of accelerations 
experienced in the particular test.  If the accelerometer is 
non-linear, a second test at a higher or louuer peak acceler- 
ation Luill yield a different mV/g "constant".  Accordingly, 
it is recommended that tests are run at several levels leading 
up to the accelerometer's rated limit as a means of determining 
its linearity. 
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POUJER   SUPPLY 

57 



HIGfl VOLTAGE PtWER SUPPLY 
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t_-BT3 O   r*4   I   C   S     CORPORATION 
J    Z7 P«dio Circle Oriy«. Mt Klico. NY. 10S49 

TY(X H 71&571-2142 

WARRANTY AND SERVICE POLICY 

1.0 Introduction: 
Universal Voltronlcs Corp. has developed and Inatalled a considerable number of hl^h voltage 

power supplies and control equipments.    In order to achieve optimum performance and maintain good cus- 
tomer relationships, UVC maintains a fnll-tlme field service organization giving both national »nH Inter- 
national coverage to take care of cases of pre-turn-on meetings.  Initial turn-on,  as well as repair prob- 
lems. 

All UVC power Eupplles are completely factorj-tesled and warranteed per the attached docu- 
ment.    It Is to be recognized that unusual operating conditions arise In the field which are of such a 
nature as to make It Impossible for a manufacturer of electrical equipment to simulate In factory tests. 
The final test Is operation with the customer load and ambient conditions. 

With this as background, UVC reviewed the various problems and offers the following program 
to assist Us customers In getting prompt turn-on,   reliable operation and rapid field service. 

2.0 Initial Turn-On: 
UVC makes available qualified engineering personnel to be present at the site to assist the cus- 

tomer before and during the Initial turn-on to verify proper electrical performance.    This includes wiring 
checkout between Input mains and the high voltage output terminal.    A complete electrical check Is made ' 
to verify that the equipment has been Installed and set up properly.    (See cost schedule below,   #5. 0.) 

3.0 Field Repair and Service Responfllbillty: 
fRepalr, Application Analysis,  Circuit Improvement,   etc.) 
Based on our experience,  we find that there are three main areas of definition as regards field 

service problems,  as foUows: " - 

3.1 Full UVC Responsibility: 
This covers the case (within the warranty period) where the equipment furnished by Universal 

Voltronlcs Corp.   does not operate properly due to manufacturing or design defects.    This would Include 
such things as voltage control not functioning properly,  transformer-rectifier failure,   metering errors, 
etc.    These are clearly UVC's reEponsiblllty,  would be considered In-warraxity repairs,   and all repair 
costs would be absorbed by UVC. 

3.2 Customer Full Responsibility: 
This covers the case (whether 11 be In or out of warranty) In which the customer has mla-applied 

or misused the equipment.    Examples of this would be undersized or oversized equipment.    This could 
happen when the customer ha£ not had the opportunity to fully test his system and hence finds that the de- 
vice furnished by UVC does not match the characteristics of his load.    Another example Is equipment 
damage resulting from electrical mls-wlrlng In the field,  causing damage to the electrical parts.    These 
are cases where all costs are paid by the UVC customer, 

3. 3 Joint ResponBibtllty: 
This covers the case where UVC and the customer have worked Jointly on a project where all 

the parameters were not fully eEtablished during the design and conception stages.     In this particular 
case,  UVC will make available competent personnel to assist In the engineering to adapt to the particular 
site requirements.    In the case of joint responsibUity,   the rates are to be negotiated between UVC Service 
Department and the customer.     The final costs depend on the specific situation and should be agreed upon 
during the pre-contract period. 

4, 0 Shipping Damage: 
We have found that on occasion, equipment arrives at the site damaged due to rough handling In 

shipment and Installation at site. The difficulty is that the processing of a claim for shipping damage Is 
generally beyond the control of UVC. 

We assume that once the equipment arrives at the site,   it is Inspected by the customer's personnel 
and a claim processed in the event of shipping damage.    We would,  of course,   repair and rework the equip- 
ment,  either at the site or at the factory,  depending on the extent of the damage.    It Is to be recognized 
that these repair costs will not be absorbed by UVC. 71 



i. 0 Ratea; 
The foUcrwlng rates apply to all of the cases cited: 

5.1 Engineering Personnel:   $350 per day. 

-.2 Technician:   $250 per day. 

5. 3 Travel Expense:   Direct transportation costs for air, car,  etc. 

5. 4 Hotel and Meal Costa: 
,V 

5. 5 Local personnel,   fork lifts,  hoists,  cranes,   etc. :   Costs per local rates - to be paid by customer. 

6. 0 Spare Parts: 
UVC maintains spare parts on most of the control circuits as well as the high voltage aEsemblies. 

It does.  In some cases,   stock transformers.    Our customers shoultj check with our Service Department for 
recommended spares and these should be maintained in the field in order to have continuity of operation. 

7.0 

7.1 

Service and Warranty: 

Shipping Damage: 
The power supply should be inspected and tested Immediately upon arrival.    In the event the unit 

falls to operate properly or la damaged in any way,  the carrier should be notified at once.    When the claims 
agent has inspected the shipment and prepared a report of damage,   a copy of this report should be sent  to 
us.    At that time,  we will advise you concerning the repair or replacement of the power supply. 

7. 2 Service and Information: 
All questions concerning the operation or malfunctioning of this instrument should be directed to 

our i epresentative in your immediate area.    If there is no representation In your area,   then contact the 
factory directly.    NOTE;   Include model and serial number in all correspondence concerning this power sup- 
ply.    Without this information,  we will not be able to give you prompt service.    If the shipment should be 
returned to the factory, we will send you a Shipping Release and a tag which should be filled out and affixed 
to the unit.    Do not ship a unit to the factory without this tag,  unless specific authorization has been re- 
ceived to do so. 

7. 3 Shipments: 
All shipments to UVC must be prepaid unless we authorize to the contrary.    The power supply 

should be wrapped in heavy paper and packed in the original container or a wooden box with shock-absorbent 
material on all sides.    DO NOT SHIP THE UNIT WITH OIL.    Make certain that all tubes (if any) are re- 
moved and shipped separately.    AU movable objects such as the lube plate caps,  solenoids,   etc.   should 
be fastened securely.    Please return instruction manual with unit to be repaired. 

".4 Warranty: 
This high voltage power supply is warranteed bj Universal Voltronics Corp.   to be free from de- 

re In material and workmanship.    Our obligation to the original purchaser under the warranty Is limited 
ervlclng the instrument and replacing defective parts when the equipment is returned prepaid to the 

ctory,  with the exception of tubes,   on which there is only the manufacturer's guarantee.    This guarantee 
E,  valid only if the Instrument has not been abused mechanically and the operational limits prescribed in 
ne Inatruction manual have been adhered to. 

The period of warranty is one year after date of shipment      to the original purchaser.    Removal of 
erlal plate or defects caused by Improper operating conditions,    accidents,    misuse   or negligence will 
)id the warranty. 

•.le of shipment is that evidenced by the Bill of Lading. 
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III. OPERATING INSTRUCTIONS 

A) PRELIMINARY SETUP: 

The power supply is portable and hence final operating location 
and mounting is not critical.    It can operate in any position.    The equipment 
has been provided with a 3-\vire input plug with the third wire being ground. 
It is mandatory that the power supply be operated with a ground connection. 
If a 3-wire outlet is not available in the laboratory or test area,   then run a 
ground jumper to the stud on the chassis rear. 

B) POLARITY SETTING: 

These adjustments should be made with the line cord disconnected 
from the mains.    There are two adjustments that are required in order to set 
for the desired output polarity.    The first adjustment is the setting of the power 
pack chassis.    Lay the cabinet on its side and remove the screws that hold the 
chassis bottom cover plate.    There is a permanent connection of the output 
cable to the center terminal which is the junction of the resistor and a high 
voltage termination.    The two leads from the power supply are respectively 
labelled positive and negative.    In order to operate with positive output,   connect 
the positive lead to the high voltage terminal and the negative lead to ground. 
In order to operate in the opposite polarity,   proceed in the opposite fashion. 
The terminations are of a rapid disconnect type. 

Replace the bottom cover plate. 

The next step is to set the meter polarity selector switch located 
on the front panel between the two meters to correspond to the polarity set in 
the high voltage compartment.    This front panel switch only sets the polarity 
of the meters.    It has been located on the front panel as an added convenience 
to the operator as it indicates the polarity under which the equipment is oper- 
ating.    If a mistake is made in either the high voltage compartment or on the 
front panel,  the meters will read down scale.    There is no danger of damage 
as the meters are protected. 

CAUTION:    DO NOT OPERATE WITH BOTTOM COVER PLATE 
IN PLACE. 
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C) TURN-ON: 

The operation of the equipment is straightforward.    Throw "Main" 
toggle switch to the On position.    Swt "Voltage Control" T-l to zero.    This con- 
trol is interlocked so that no high voltage can be turned on with the control off 
zero.    The operator should be alert that zero start is required. 

Depress the "High Voltage On" pushbutton.    The red "High Voltage 
On" light should be illuminated.    If it is not,   then the voltage control is not at 
zero. 

To turn the equipment off,   the operator should depress the "High 
Voltage Off" pushbutton.    Throwing the "Main" toggle switch to the Off position 
will also turn high voltage off. 

D) OVERLOAD - RESET; 

An overload relay K-l has been included to protect the load and 
the power supply against severe short circuits.    This relay is in series with 
the low end lead in the high voltage circuit.    In effect,   this relay senses true 
output current.    In case of an overload due to a short circuit,   the current flow- 
ing through the relay coil (K-l) will activate relay K-2 which,   in turn,   will 
disable primary power.    The pilot light "Overload" will shine. 

In order to reset,   the operator must depress the "High Voltage 
Off-Reset" pushbutton.    This will release the locking relay K-2.    The next 
step is to set the output voltage control to zero and depress the "High Voltage 
On" pushbutton.    The operation will be per the Turn-On steps above.    If,   for 
any reason,   the output fault has not been cleared,   then the overload will con- 
tinue to trip out. 

E) FUSES: 

A fuse has been included in series with the "Main" line (labelled 
"Main") and is located on the front panel.    Also included is a fuse in series 
with the Primary of the High Voltage transformer,   also front panel mounted 
(labelled "Primary"),    These fuses act as backup protection for the overload 
relay in case of failure.    The overload relay is the major protective device with 
fuses being used for added reliability.    Fuse values are given on the wiring dia- 
gram. 
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IV. THEORY OF OPERATION (See schematic in rear) 

This is the straightforward,   well-known locking circuit.    Power 
appears at switch S-2 (High Voltage On) after the main toggle switch is thrown. 
Depressing this "High Voltage On" switch allows power to flow through the 
interlock switch S-4 (assumed to be closed) and energizing relay K-3 through 
wire #20.    K-3 pulls in and locks in across the line by means of its own con- 
tacts 3A.    This,   therefore,   requires that S-2 only be of the momentary push- 
button type.    After the relay pulls in,   power is available at the "Voltage Control' 
T-l and the pilot light 1-2,   "High Voltage On",   is illuminated.    By depressing 
the "High Voltage Off" pushbutton S-l,   the operator momentarily interrupts 
power to relay K-3 which then drops out.    It releases its contacts 3A so that 
when S-l,   the "High Voltage Off" pushbutton is released,  K-3 is dropped out 
and stays dropped out. 

B) OVERLOAD-RESET CIRCUIT: 

The action of the overload circuit is also straightforward.    In 
the event of an overload,   relay K-l pulls in momentarily closing its contacts 
LA.    These contacts are in parallel with contacts 2A of relay K-2.    This over- 
load therefore actuates and locks in K-2 through its contacts 2A,   while simul- 
taneously opening up contacts 2B.    Contacts 2B opening will instantaneously 
disable primary power.    Note that simultaneously,   the "Overload" light 1-1 is 
illuminated as it is in parallel with the holding relay coil K-2.    This circuit 
stays locked until such time as the "High Voltage Off-Reset" pushbutton is de- 
pressed.    This then disables the relay K-2 and allows the operation to proceed 
per previous discussions. 

It is important to note that the overload relay K-2 pull-in is a 
momentary one to initiate the locking action.    The instant that primary power 
is disabled,   the output current should be zero (decaying to zero) so that relay 
K-l drops out.    However,  K-2 has picked up,   locking out,   and is independent 
of K-l thereafter. 

C) KILOVOLTMETER AND MILLIAMMETER CIRCUIT: 

The operation of these circuits is almost identical.    The kilovolt- 
meter M-l has in series with it a resistor R-3 which is used to fire the neon 
lamp 1-4 in case of transient surges.    Capacitor C-2 is utilized to bypass tran- 
sients which take place more rapidly than the ionization time of the neon 1-4, 
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C) KILOVOLTMETER AND MILLIAMMETER CIRCUIT: (Con't) 

Multiplier resistor R-5 is designed to provide a feedback current 
proportional to output voltage.    The kilovoltmeter dial has been calibrated in 
terms of output voltage,   hence true output voltage is read in this fashion. 

The milliammeter circuit operates in an analogous fashion,   where 
R-4,   C-l and 1-3 perform essentially the same functions as R-3,   C-2 and 1-4, 
described above.    The neon fires in the event of an overload and bypasses the 
majority of the overload current and protects the meter M-2. 

D) HIGH VOLTAGE POWER PACK: 

The high voltage power pack emplo3rs solid state rectifiers con- 
nected either in a full-wave bridge or in a full-wave voltage doubling circuit 
(see wiring diagram).    There is included inside the pack series resistors to 
limit discharge currents in the event of short circuit. 

V. SERVICE ACCESS 

A) TOP COVER  HOOD: 

Remove the screws on the sides of the cover.    Removing this 
cover hood gives access to controls and the power pack.    If it is desired to 
drop the front panel,  then the screws on the bottom of the front panel should 
be removed. 

B) CHASSIS BOTTOM COVER PLATE: 

The reversing assemlby as well as the multiplier resistor R-5 
is located inside the bottom of the chassis.    Removing the four corner screws 
is a simple matter and allows rapid access. 

VI. DRAWINGS AND REPLACEMENT BILL OF MATERIAL 

Included in this section are the following: 

A) Wiring Diagram 

B) Replacement Bill of Material 
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February 1976 
Replacement Bill of Material 
BAP(Original 1 case) 

Wiring Diagram 
Dwg. No. C-6-1-20 
Page 1, 

Schem. No. Description 

C-l. 2 Capacitor, 0. 25 mfd @200 volts 
C-3 Capacitor(OI Bypass). .1 mfd @600V centralab DF 104 
C-4, 5 Capacitor(Surge bypass)^01 mfd @1KV centralab "Gapcap' 

Z5U 

Qty. 

2 
1 
2 

F-1,.2 

I- 1.2 
I- 3,4 
I- 5 

K -1 
K -2,3 

M-l 

M-2 

Fuse,BAP-10-L 5 type 3AG 1 amp 
BAP-10-5. 5 type 3AC lamp 
BAP-16-L 5 type 3 AG 1 amp 
BAP-16-5. 5 type 3 AG 2 amp 
BAP-22-1. 5 type 3 AG 1 amp 
BAP-2 2-5. 5 type 3 AG 2 amp 
BAP-32-1. 5 type 3 AG 1 amp 

Lamp, Sylvania 120MB (120V-3W, bayonette) 
Lamp, NE-2AS 
Lamp.NE 2AS 3 in series 

Relay(Overload),Kurman #51CA40D 
Relay, P&B #KA5AY-115V coil 

Meter(KV), Modutec T2S-DUA-100-NL 
alum panel. 
BAP-10-1. 5 
BAP-10-5. 5 
BAP-16-1. 5 
BAP-16-5. 5 
BAP-22-1. 5 
BAP-2 2-5. 5 
BAP-32-1. 5 

0-12KV dial 
0-12KV 
0-18KV 
0-18KV 
0-2 5KV 
0-25KV 
0-35KV 

Meter(MA), Modutec T2S, BMA-0015-NL- 
alum panel 

•U DCFSS cal for 

10KV red line 
10KV 
16KV 
16KV 
22KV 
22KV 
32KV 

U DCFSS cal for 

BAP-10-1. 5 
BAP-10-5. 5 
BAP-16-1. 5 
BAP-16-5. 5 
BAP-22-1. 5 
BAP-22-5. 5 
BAP-32-1. 5 

0-L 5MA dial 
0-6MA 
0-1. 5MA 
0-6MA 
0-1. 5MA 
0-6MA 
0-1. 5MA 

1. 5MA 
5. 5MA 
1. 5MA 
5. 5MA 
1. 5MA 
5. 5MA 
1.5MA 

2 

2 
3 

1 
2 
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Replacement Bill of Material 
BAP(Original 1 case) 

con con AT ION 
27 Rrfto Clrato DrW«. Mount Kim: N.Y, 1l»t« 

(•141 2411100 

Page 2. 

Schem. No. Description Qty. 

R-l, 2 
R-3 
R-4 

R-5 

R-6 
R-7 

R-8 

S-l 
S-2 
S-3 
S-4 
S-5 

Resistor,  Not Used 
Resistor, Carbon, 390K, 1W, 10% 
Resistor, Dep carbon, 18K, 1/2W, 1% 

Resistor(KV Multiplier) 
BAP-10-1. 5 
BAP-10-5.5 
BAP-16-1.5 
BAP-16-5.5 
BAP-22-1. 5 
BAP-22-5. 5 
BAP-32-1. 5 

2%RPC matched pair, BP6 
2%, RPC 
2%RPC 
2%RPC 
2%RPC 
2%RPC 
2%RPC 

BBR115M 
BBR115M 
BBR170M 
BBR170M 
BBR 240M 
BBR240M 
BFQ-BFT 

330M 
Resistor, Pot CTSX201R103B or U-39-10Kfi(not used IN.1. 5MA ) 
Resistor, Pot CTSX201R252B or U-39-2X0(2. 5Kn)(not used 
in li 5MA units) 
Resistor, (KV cal). Pot CTSX201R252B or U-39-25Kfi 

Switch(Pushbutton), Smith #926 
Switch(Pushbutton), Smith #926 
Switch(Polarity), Entralab #PA1012 
Switch,   Micro switch 3111SM1-T 
Switch(On-Off),Smith 500 

T-l Auto Transformer, All units except BAP-22-5. 5 Staco 171 
BAP-22-5.5 Staco 251 

W-l Line cord, 3 cond#18 w/integral p 
W-2 Output cable. RG 8/U 

PS-1 Power Pack 
BAP-10-1. 5 BPE-10-1.5 
BAP-10-5.5 BPE-10-5.5 
BAP-16-1. 5 BPE-16-L. 5 
BAP-16-5.5 BPE-16-5.5 

.   BAP-22-L5 BPE-22-1. 5 
BAP-22-5.5 BPE-22-5.5 
BAP-32-1. 5 BPE-32-1.5 

3ft. 
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TABLE I — SUMMARY OF IGNITRON CHARACTERISTICS 

Tube Type GL-7171 Gt>^25 GL-7703 GC54G67A GL-37207 

Dimensions 

(Use GL-7703) 
(No longer available; 
other types more 
suitable.) 

(The ignitrons in this 
table are capable of 
higher rates but not 
necessarily at simul- 
taneous maximum 
ratings.) 

rmtHwrmi 

DIA. 

7W 

*- -  eVa' DIA. — -> 

1 

: ] 
1( 

k~2V4" -I 
DIA. 

k02V4"J 
DIA. 

(Tfll 
_s a s 

"D 

X 

] 

20- 

C 

n 
— 5W   —. 

DIA. 

Anode Voltage 
(kilovolts) 

10 20 25     20 25 25 

Peak Current 
(kiloamperes) 

35 100 too 300 300 

Total Charge 
(coulombs) 

lonization Time 
(microseconds) 

30 30 30 200 

0.5 0.5 0.5 0.5 0.5 

Discharge Rate 
(pulses/minute) typical 100 4    50 

Anode Material Graphite Stainless 
Steel 

Molybdenum Molybdenum Graphite 

Cooling clamp clamp clamp water 
anode —coth. 

water 
jacket 

Rigid length 
(Inches) 

8-3/4 7-5/8 7-5/8 10-1/4 20 

Diameter 
(Inches) 2-5/32 2-1/4 2-1/4 6-1/2 5-3/4 

Many of the ratings listed do not represent ultimate tube capabil 
field experience establish higher parameters, revisions to publish 

ities. As new tests and 
ed data will be made. 

NOTE: Changes in red ink were made in October, 1974, 84 
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GL-5630 GL-37248 

The GL-5630 and G L-6228 are gridded U 
suitable than the otl ler types for typical 
or crowbar applications. Their particular 
high i epetition rates 

(This type will 
conduct higher 
peak currents 
but with greatly 
reduced life.) 

35 

20 

0.8 

Graphite 

water 
jacket 

22-3/16 

5-3/4 

bes, therefore less 
:apacitor discharge 
idvantage is for very 

^ 

7V8" 

m 

k- aw -H 
DIA. 

50 

15 

15 

0.5 

Molybdenum 

clamp 

7-5/8 

2-1/4 

GL-6228 

iM. 

42" 

® 

k- 9" DIA. 

50 

30 

0.8 

Graphite 

water 
jacket 
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SCOPE 

The ignitron was developed during the 1930's when 
requirements of power rectification began to extend 
beyond the capabilities of existing devices. In earliest 
applications, the ignitron's tremendous switching ca- 
pability and extreme reliability were utilized primal ily 
in fixed and mobile power rectification applications. 

In recent years, new needs in basic research, com- 
munications and industrial fields have been met by 
adaptations of the ignitron to capacitor-discharge 
switching and short-circuiting of power supplies. Re- 
search laboratories of the Atomic Energy Commission 
apply ignitrons as control switches for megajoule ca- 
pacitor banks whose discharge is utilized in plasma 
and controlled fusion research programs. In commer- 
cial and military equipments, the ignitron is applied 
as a d-c short-circuiting switch (or crowbar) across 
transmission lines to protect electronic components. 
The tube is also used in pulse modulator switching and 
electromagnetic and electrohydraulic metal forming. 

This bulletin was prepared to supply the equip- 
ment designer information on these classes of service. 
It describe^ circuits that can be used and contains in- 
formation on their design and construction. Basic 
theory and design of the ignitron as they relate to 
these services are also included. For easy reference, 
the Appendix contains a summary of matherriatical 
equations included in the text. 

•ilii ■•■■<■ ..,; 

'■■..■"■ ■■ '   -f.i 

ANOIJH i!,*w'- 
TERMINM   ■ , 

=>1 

d 
ANODE- 

MERCURY 
POOL 

-TI 
ANODE 
SEAL 

1 

t=a 

METAL 
ENVELOPE 

^ 

IGNITOR 

CATHODE 
TERMINAL 

IGNITOR 
TERMINAL 

PRINCIPLE OF OPERATION 
Fig. 1—Elementary ignitron Without Baffles or Grids 

The ignitron can be cor.sidered a switch with an in- 
genious closing device of unusual reliability and with 
almost indestructible electrodes. Fig. 1 shows a cut- 
away view of the elementary ignitron 

Without voltage on the ignitor, the device is, for prac- 
tical purposes, an open switch capable of reliably with- 
standing high voltages without conduction of current. 

When a forward voltage is applied between the ignitor 
and the mercury-pool cathode, the resistance between 
the two elements decreases suddenly from about 30 
ohms to a few ohms as a hot spot forms on the inter- 
face  between  the  mercury  surface   'jiid   the   ignitor. 

Mercury vapor is generated and a mercury glow dis- 
charge forms between the ignitor and the spot. This 
discharge is sustained by the electrical energy from 
the ignitor voltage source. While this condition exists, 
the presence of a forward voltage in excess of approxi- 
mately 15 volts from anode to cathode will cause 
ionized mercury vapor to fill the tube and allow con- 
duction to occur. Since the voltage drop from anode 
to cathode is extremely low at this point, the tube 
can be considered a nearly perfect closed switch. 

During conduction, the mercury-pool cathode pro- 
vides an almost unlimited supply of electrons, making 
it an ideal switch for controlled capacitor discharges. 
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IGNITOR 
TERMINAL 

For applications where circuit requirements exceed 
the capabilities of the elementary ignitron, other de- 
sign features are utilized. Several such features are 
identified in Fig. 2. 

The holding anode is used where the current may fall 
below the level required to maintain the cathode spot. 
A separate circuit providing current of more than ten 
amperes is applied from the holding anode to the 
cathode, thus maintaining the cathode spot. 

For many repetitive operations, water cooling is used 
to stabilise ignition characteristics by maintaining 
proper temperatures and thus preventing internal 
vapor pressure buildup. 

Where the voltage hold-off capability of the elemen- 
tary ignitron is exceeded, electrodes in the form of 
baffles or grids can be inserted between the mercury 
pool and the anode. These grids, designated as the 
gradient electrodes, can be used as electrostatic shields 
or as voltage dividers. 

For high repetition rates, a shield grid can be used as 
an aid to deionization. 

A control grid can be utilized for low-jitter repetitive 
firing. In this sequence, ionization in the lower section 
of the ignitron is produced by ignitror firing. The elec- 
trostatic shielding between the anode and mercury 
pool is great enough to prevent voltage breakdown 
between them. When a positive signal voltage is ap- 
plied to the control electrode, however, full ionization 
and voltage breakdown immediately follow. 

CONSTRUCTION 

Fig. 2 —Ignitron with Holding Anode, Baffles and Grids. 

Mercury, which provides the cathode and vapor for 
the ignitron, dictates choice of other tube materials. 

The envelope is stainless steel, with glass insulators 
separating electrodes of different potentials. Fernico 
seals link the two materials. Anodes are usually 
graphite for unidirectional discharges or molybdenum 
or stainless steel for oscillatory discharges. 

The ignitor is a boron carbide compound affixed to a 
carbon shank and supported by a molybdenum cross- 
arm. Because of choice of materials and preparation 
of ignitor surfaces, the ignitor does not wet to the mer- 
cury when pressed into the mercury surface. Instead, 
a downward mercury meniscus is formed, resulting 
in an interface of measurable resistance. 
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• — SIGNAL VOLTAGE 
TH — THYRATRON 
C — CAPACITOR 
R. — CHARGING RESISTOR 
R, — DISCHARGE LIMITING RESISTOR 
li — PULSE TRANSFORMER 
T, — IGNITRON 

Fig.   3—Fundamental Ignltor Firing Circuit 

PARALLEL PLATES 
SEPASATEO BY INSULATION 

IGNITRON -4*1 

CYLINDER WITH  SLOTS AT 
BOTTOM GIAMPE6 TO TUBE 

Fig. 4—Ignitron in Coa-iol Mounting 

OPERATION 

The change from non-conducting to conducting state 
of the ignitron is initiated by the ignitor firing circuit 

—also called the ignitor excitation circuit. 

For elementary ignitrons, the excitation circuit can be 
a single capacitor charged to several thousand volts 
and switched by a solid state device or a thyiatron, 
as in Fig, 3. This circuit, in turn, can be triggered by a 
small signal. For a gridded ignitron, the excitation 
voltage is applied to the control grid and shield grid, 
as well as to the ignitor. 

Once conduction is initiated, the current ideally would 
be carried in a symmetrical ionized mercury-vapor 
column. The column would extend from the cathode 
spot on the mercury-pool surface to a circular area on 
the anode. Since no device is absolutely symmetrical, 
no electrode surface perfectly unifonn, and no ex- 
ternal field without distortion, the actual column will 
have slight initial distortions. 

As conduction of high current continues, the magnetic 
fields associated with the column and the current-con- 
ducting elements outside the tube will produce further 
distortion. As a result, the cathode spot will move 
from its original location and, in some milliseconds, 
will transfer from the mercury surface to the side 
walls. Time of transfer depends upon the magnitude 
of the distorting forces and the discharge current. 

The dynamically unstable process of distortion will 
continue as the cathode spot moves up the side walls, 
shortening the length of the arc path. To minimize 
this distorting effect, a coaxial mounting (Fig. 4) is 
required for high-energy capacitor discharges. 

In those industrial applications where current require- 
ments are below 2000 amperes and 2000 volts, a 
single ignitron is usecj as a uni-directional switch. 
During conduction, excitation can be removed from 
the ignitor and conduction will continue until the 
voltage across the tube reverses. The ignitron will 
then cease to conduct and will hold off inverse voltage. 

In capacitor-discharge and crowbar applications, ap- 
plied voltages are often above 5000 volts and may be 
as high as 60,000 volts. Maximum discharge currents 
can be as great as 100,000 amperes per tube. Cur- 
rents are initiated rapidly, rising from zero to maxi- 
mum in microseconds. In these applications, the rapid 
rate of energy dissipation creates high temperatures 
on the electrodes. The tremendous currents leave a 
densely ionized vapor in the post-conduction period. 
With these conditions prevailing after initial con- 
duction, the tube will not act as a uni-directional 
switch when inverse voltage is applied. Instead, it 
will conduct in the inverse direction as though it 
were a bi-directional switch. In applications where it 
is desired that oscillation continue, the ignitron can 
be used as a nearly ideal switch without further cir- 
cuit modification. When reverse current cannot be 
tolerated, the addition of a second ignitron can elimi- 
nate reverse current through the load. 
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NITRONS IN 
:APACITOR - DISCHARGE 
IIRCUITS 

The behavior of the ignitron is dependent on the ex- 
ternal circuit. Therefore, basic circuits and equations 
which describe the circuit parameters must be under- 
stood so the effects on the ignitrons can be predicted. 

Fig. 5A shows a simplified discharge circuit. A d-c 
supply charges a capacitor in series with a charging 
resistor and a closed charging switch. The ignitron, in 
a non-ionized state, is an open switch. The charging 
switch is then opened and, when a discharge is re- 
quired, a signal is applied to the ignitor excitation 
circuit. This converts the tube to a closed switch in 
less than a microsecond, permitting the capacitor bank 
to discharge through the load and the ignitron. 

Voltages and current in the discharge loop can be 
analyzed by considering the equivalent circuit shown 
in Fig. SB. The ignitron is represented in its bi-direc- 
tional switching state. 

The relationship of voltages, current and time are 
derived from the basic equation which describes the 
instantaneous voltage in any closed electrical circuit: 

6^ ~i" eL "t" eR = 0 where  C^       is capacitor voltage 

e.        is voltage across inductance 

Gfi       is voltage across resistance 

fidt        di 
E~|—-L iR=0     where E 

J  C       dt 
h capacitor voltage 

1 instantaneous current 

t time 

C capacitance 

L inductance 

R resistance 

DC 
POWER 
SOURCE 

CHARGING 
RESISTOR 

—WV  

SWITCH 

CAPACITOR 
BANK 

T 
"-L S 

IGNITOR 
FIRING 
CIRCUIT 

LOAD 

IGNITRON 

Fig.  5A—Simplified Capacitor-discharge Circuit 

T I 
i 

-^AAAAr- 
ec — CAPACITOR 

VOLTAGE 
i    — DISCHARGE 

CURRENT 
C — CAPACITANCE 
R  — RESISTANCE 
L   — INDUCTANCE 
S — SWITCH 

Fig.   SB—Equivalent   Circuit   for   Capacitor-discharge   Circuit 
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•e IS CAPACITOR VOLTAGE 
i   IS DISCHARGE CURRENT 

TIME 

A.   OSCILLATORY CONDITION 

R<2 

B.   CRITICALLY PAMPED 
CONDITION 

TIME 

D.   COMPLEX CONDITION 

When    t<t, .   R<2, 

TIME 

■v? 
t>t,,   C=0 

Three modes of operation can occur in a simple series 
circuit, depending on the relative magnitudes of 
resistance, inductance and capacitance in the dis- 
charge loop. A fourth mode can be produced by in- 
troducing a change in the circuit at an appropriate 
time during the discharge. These modes are shown in 
Fig. 6A through 6D where current and voltage varia- 
tion versus time are represented. 

The following equations assume circuit elements 
which retain constant characteristics for all excur- 
sions of current, voltage and frequency. Such con- 
ditions are not found in actual cases. For example, 
energy absorption in gases presents a decidedly non- 
linear resistance to the circuit. Other common devia- 
tions can be anticipated. In the present state of the 
art, these departures from the ideal do not invalidate 
the use of the equations in the choice of ignitrons. 
Several useful relationships can be derived from the 
ideal equations by accepting judicious approximations. 

The derivations of the equations which follow can be 
found  in electrical  engineering texts and  handbooks. 

The Oscillatory Conditipn   R< 2 

For the oscillatory discharge which persists several 
cycles, it can be assumed that the discharge current 
anc} capacitor voltage vary sinusoidally. 

From this assumption, the following equations can 
be derived: 

Frequency; 

2ALC 

Peak Current: 

2 
Cde !dt 

de 
iB = 1.57C-- 

where f  is   frequency    (hertz) 

L  is  inductance   (henrys) 

C  is capacitance  (farads) 

where   co=27rf   (radians per second) 

where  T   is  period  of an  oscillation 
(seconds) 

where ip   'S   maximum   current    (amperes) 
during  time, dt 

de is change in capacitor voltage 
(volts)  during  time,  dt 

dt is time for capacitor voltage to 
change from max. positive 
value to max. negative (sec- 
onds) 

Fig.  6—Graphs of Voltage and Current Vs. Time in Serie* 
R-L-C Circiut 
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Inductance: 

V 
1 = 

47r-C 

Damping: 

*~£ V     2L/ 2 

' _ R \ T 

i    21/ 2 

Where li   is a  maximum  current   occurring 
at time, r  (amperes) 

1     is   the    next    maximum    current 
one-half cycle later  (amperes) 

£   Is 2.72  (the  base  of  the  natural 
logarithmic system) 

61  is   maximum   voltage   occurring 
at time, ti (volts) 

e     is   maximum   voltage   occurring 
one-half cycle later  (volts) 

Percent Reversal: 

% reversal = —100 
ei 

=^100 

Resistance: 

4L     e, 
R=     In - 

T      e. 

Total Conduction: 

where  R   is resistance  (ohms) 

Q, i where Q is lalal charge through circuit 
during discharge (ampere-sec- 
onds) 

12     e- 
r is — or — 

■ 1     e. 

Approximate Time for Capaci- 
tor Voltage to Diminish to en: 

ei ■ 

e„ 

Oi 

e 

where e„ is voltage (volts) at time, I, 

t     is time between e; and e 

Application  of  Equations 

To illustrate the use of these equations, the following 
exercise is presented. 

A 100-microfarad capacitor is charged initially to 
20,000 volts. A photograph, Fig. 7A, of the oscillo- 
scope pattern during discharge is obtained with the 
apparatus represented in Fig. 7B. 

From the above, frequency, peak current, inductance, 
percentage reversal, resistance and total conduction 
during discharge can be determined. 

Frequency: 

From Fig. 7A, the period of a full cycle is 200 
microseconds. 

f = 

11 

E 

1 

/ \ r - 

\ T 7 \ \ 

/ \ / \ 

\ / \ / \ 

i 1 
1 1 

\ / v / 
 »■ 

TIME 

de 
\ 

e 1 
\ / 

\ / 

\ 1 
-. it -► 

1 

 i_ 

TIME SCALE: 50 MICROSECONDS/DIV 

Fig.    7A—Oscilloscope    Pattern    from    Capacitor-discharge 
Circuit 

DC 
POWER 
SOURCE 

CHARGING 
SWITCH 

Fig.   7B—Method   of   Measuring   Performance   of   Oscillatory 
Capacitor-discharge Circuit 

1 

200X10" 

= 5,000   hertz 

Peak Current.: 
Since initial voltage was 20,000 volts and Fig. 
7A indicated that the first peak is four divisions, 
the oscilloscope and camera can be considered 
calibrated to five kilovolts per division. The 
first maximum negative voltage is 3.2 divisions, 
hence: 

de=7.2 divisionsX 5 kv per division 

= 36 kv 

dt = 100 microseconds 

de 
1.57  C 

df 

91 



= 1.57X100X106X 
36,000 

100X10' 

= 56,500 amperes (first maximum current) 

Inductance: 

T- 
l_4 7r2C 

(200X106)2 

4 TT^XIOOXIO6 

= 10.1 mlcrohenrys 

Percent Reversal: 
From Fig. 7A, ei is four divisions 

62 is 3.2 divisions 

_, ea 
% reversal = —100 

•i 

3.2 

4X100 

= 80% 

Resistance: 

R=— In — 
T e2 

4X10.1 XIO" 

200X10 6 

= 0.045 ohms 

Total Conduction: 

1      / T 
Q =      - 

1-r   \ TT 

1 

In 
0.8 

200 X106 

1-0.8 

= 18 ampere-seconds 

56,500 

The Critically Damped  Condition    R    2, 

When the critically damped condition prevails, the 
discharge current does not reverse direction as in the 
oscillatory case. Instead a maximum current is reached 
at an earlier time. The current then diminishes rapidly 
at a rate determined by the ratio of the circuit con- 
stants. In many applications, a critically damped dis- 
charge is desired to avoid current reversal and to com- 
plete the discharge in minimum time. The following 
relationships are useful. 

Peak Current: 

ip — 0.736 ~"   where    ip  is   maximum   currant 
R (amperes) 

E is voltage on capac> 
itor prior to dis- 
charge (volts) 

R is resistance (ohms) 

Capacitor Voltage when Current Peaks: 

9Q =0.736 E where  ec  is capacitor voltage 
(volts) 

Time to Reach Peak Current 

2L 

R 
t„ where    tp it time (seconds) 

t   is inductance (henrys) 

t» is capacitance (farads) 

L = - 

RC 
_ 2 

Inductance: 

R-C 

4 

„.£ 
c 

Resistance: 

R=^ 
C 

Capacitance: 

4L 

R 

Charge: 

Q   = CE    where   Q  is total charge through cir- 
cuit  (ampere-seconds) 

When a critically damped discharge is required, the 
problem is to achieve the proper circuit constants to 
insure the critical relationship. 

The discharge current form can be measured at low 
voltage and current with an oscilloscope across a 
series non-inductive viewing resistance, or with an 
oscilloscope and pick-up coil (Fig. 7B) with a suitable 
resistance-capacitance integrating circuit. The ca- 
pacitor voltage can be viewed with a capacitor di- 
vider and oscilloscope. The use of the equations above 
are illustrated in the following example. 

^^^ 
7<, 1 s 

t T s V v li T 
■v. vj 

s^ i 

"-^ < 1 L  _ == 
■TIME 

TIME SCALE:  10 MICROSECONDS/DIV. 

e IS VOLTAGE ON CAPACITOR 
i   IS DISCHARGE CURRENT 

Fig.    8—Oscilloscope    Patterns    of    Current    and    Capacitor 
Voltage in Critically Damped Discharge 
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Application  of  Equations 

A capacitor-discharge circuit with a 100-microfarad 
capacitor is initially charged to 20,000 volts. A photo- 
graph of patterns of current and capacitor voltage 
(Fig. 8) is taken during discharge with 2000 volts 
initially on the capacitor. 

Peak current, inductance, resistance, charge and veri- 
fication of critical damping can be determined. 

Peak Current: 

L =0.736 

= 0.736 X 
20,000 

0.64 

= 23,000 amperes 

(Resistance computed below) 

Inductance: 

I.2 

C 

(32X10 T 
100X10" 

10.2 microhenrys 

Resistance: 

From Fig. 8, the time to reach maximum current 
is measured as 32 microseconds. 

c 
2 (32X10") 

100X106 

= 0.64 ohms 

The circuit must be critically damped. If an over- 
damped condition existed, ec would be greater than 
0.736 E at the time of current maximum. If an oscil- 
latory condition were being approached, the voltage 
trace would be at or near zero at peak current. 

The Over-damped Condition   R > 2./ 

The over-damped discharge reaches its peak current 
earlier than the other conditions, but maximum cur- 
rent amplitude is lower. Duration of currents near the 
highest level and significant capacitor voltage persist 
longer than for the critically damped condition. 

The following fundamental relations are presented. 

Current: 

i = li ^ 2L>sinh Nt       where i    is l"»l""f9B««B» current 
NL (amperes) 

E    is initial  voltage on capac- 
itor (volts) 

{'   is 2.72 (the base of the natu- 
ral logarithmic system) 

R   is resistance (ohms) 

L    is inductance (henrys) 

C   is capacitance (farads) 

N=J^T 
\4L2    LC 

Voltage: 

C~) i 
ec = Ef V2L/(cosh Nt-     sinh Nt) 

N 

where e^ is instantaneous voltage on 
capacitor (volts) 

Time of Current 
Maximum: 

Charge: 
t„ 

1 ,       2NL 
tanh   '   

N R 

Q = CE 

= 100X10 6X20/000 

= 2.0 ampere-seconds 

Verify Critical Damping: 

The amplitude of voltage at the time, t i is measured 
as 5.9 divisions. 

Amplitude at zero time is measured as eight divisions. 

ec =0.736 E 

5.9 ~ 0.736X8 

where tp  is time for current to reach 
maximum  (seconds) 

The numerical computations are unwieldy but can be 
performed by direct substitution in the equations 
above. Tables of hyperbolic functions are available 
in handbooks and textbooks. 

The extreme over-damped condition occurs when 
resistance is far greater than the critical damping re- 
sistance. The discharge is then described by equations 
derived from analysis of the simple resistance-capaci- 
tance series circuit with peak current occurring almost 
instantaneously on triggering. Some useful relation- 
ships are summarized here. 
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Peak current; 

I-' 
R 

Current: 

i = |l" 

Capacitor voltage: 

_(>  BC 

Time constant: 

tc = RC 

Cliarge: 

Q = CE 

where  I     is initial and maximum cur- 
rent (amperes) 

E   is    initial    voltage    on    the 
capacitor (volts) 

R   Is circuit resistance (ohms) 

where 1    is   current   at   time,   t   (am- 
peres) 

I' Is the number, 2.72 (the 
base of the natural logarith- 
mic system) 

C  is capacitance (farads) 

where e^ is capacitor  voltage  (volts) 
at time, t 

where t(- is time for current and volt- 
age to decrease to 0.369 of 
magnitude at any instant 
(seconds) 

where  Q  is  total   charge  through  cir- 
cuit  (ampere seconds) 

The  Complex  Condition 

When the work to be done dictates a circuit which 
will inherently oscillate but where the current re- 
versal is not permissible, the strategy of Fig. 9 is 
used to achieve the discharge current of Fig. 6D. The 
sequence of events is shown in Fig. 10- 

When the series ignitron is fired, a sinusoidal current 
occurs. Its characteristics are fixed by the circuit 
constants as discussed for the oscillatory case. As 
current begins to fall from peak value and capacitor 
voltage is almost zero, all the energy initially on the 
capacitor which has not yet been dissipated will re- 
side in the magnetic field of the inductive load. When 
the voltage becomes zero, the crowbar ignitron is 
fired. The energy of the system stored in the magnetic 
field will be returned as uni-directional current in the 
circuit comprised of the crowbar tube and load. 

In an ideal circuit with no stray inductance or ca- 
pacitance, the crowbar current can be expressed as; 

=lf 
where I     is  instantaneous  current 

(amperes) 
I    is current at instant of crow- 

barring (amperes) 

R   is  resistance  (ohms) 

is 2.72 (the base of the 
natural logarithmic system) 

is time after crowbarring 
begins (seconds] 

is crowbar circuit induct- 
ance  (henrys) 

This is the description of a simple decaying current. 
However, stray reactive components cause the oscil- 
lations shown in Fig. 10. 

The charge conducted by the crowbar ignitron can be 
expressed as: 

R 

Where Q is the charge conducted by 

the crowbar ignitron (am- 

pere  seconds) 
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Fig. 9—Oscillatory Discharge Circuit with Ignitron Crowbar 
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SERIES TUBE CURRENT 

Fig. 10—Capacitor Voltage and Currents in Complex Discharge Circuit 
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Fig. 11—The Ignitron in DC Short-circuiting (Crowbar) Service 
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GNITRONS IN 
CROWBAR SERVICE 

Large high-voltage, high-power equipment must be 
protected against damage caused by momentary fault, 
which would result in excessively high short-circuit 
currents. Permanent damage in the equipment can 
occur before high-speed circuit breakers can open. 

The present best protective device is a d-c short circuit 
across the power supply terminals which diverts 
power supply energy from the fault. An ignitron at 
the power supply terminals, triggered to its ionized 
state in less than a microsecond, is an ideal device for 
this crowbar service. The load is protected until cir- 
cuit breakers remove the input power from the system. 
A block diagram of such a system is shown in Fig. 11. 

The ignitron in series with an appropriate resistor 
is triggered from the nonconductive to the conducting 
state when a fault-sensing element in the system 
delivers its signal to the ignitor firing circuit. The 
ignitron, acting as a switch, conducts a current similar 
to that in Fig. 12. During period t,, the crowbar cur- 
rent is a critically damped discharge. The equivalent 
circuit could be that of Fig. 5B with a filter capacitor 
of the power supply as the capacitance, and the stray 
inductance of the wiring and components as the in- 
ductance. The resistance may be a component inserted 
so   that   circuit   resistance   creates   critical   damping. 

The dispharge almost goes to completion in tens to 
hundreds of microseconds. The process of capacitor 
discharge is so rapid that the rectifier is effectively 
isolated from the crowbar during this initial period 
by the filter choke. However, as the crowbarring 
continues, the rectifier delivers full short-circuit cur- 
rent through the crowbar until the a-c contactors open. 

An auxiliary anode current of over ten amperes may 
be required to maintain the ignitron in an ionized state 
if the crowbar current approaches zero in the interval 
when the power supply filter capacitor is nearly dis- 
charged — but before the power supply short circuit 
current rises to this level. 

For some systems, it is possible to insert the limiting 
resistor in series with a power supply steady-state 
current. When crowbarring occurs, the fault voltage 
will fall to zero immediately upon ignitor firing. 

IGNITRON CHARACTERISTICS 

Voltage   Ratings 

Peak forward voltage is the maximum positive volt- 
age that can be applied from anode to cathode without 
causing tube conduction prior to ignitor firing. 

Peak inverse voltage is the maximum negative volt- 
age that can be applied from anode to cathode with- 
out causing tube conduction prior to ignitor firing. 

b 100,000 
o > 

^  10,000 

1,000 

100 

10 

^N 
V/ POWER 

V^ CROW 

SUPPLY  VO 

BAR CURREN 

LTAGE 

T 

w 
V 

0.00001 0.000! 0.001 0.01 
TIME AFTER CROWBARRING (SECONDS) 

0.1 

Fig.   12—Crowbar   Current   and   Power   Supply   Voltage   Vs. 
Time 

Critical anode starting voltage is the minimum posi- 
tive anode voltage at which tube conduction will 
begin when ignitor firing occurs. 

Recovery  Time 

Recovery time is the interval following discharge 
which must elapse before positive voltage can be 
applied to the tube. Present ignitron ratings do not 
specify a recovery time. Notes on the rating sheet do 
caution that, after discharge at full rating, a one- to 
ten-second delay may be required before re-applica- 
tion of anode voltage. 

This delay assures that deiomzation of the mercury 
vapor has approached completion and that internal 
tube temperatures have approached the ambient tem- 
perature. Quantitative prediction of recovery requires 
specific  knowledge  of the  rate  of discharge,  energy 
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discharged, duration and nature of discharge current 
pulse, voltage re-application rate, and type of cooling. 

Current Ratings 

Published G-E ratings for elementary ignitrons rep- 
resent evaluation tests conducted by the Atomic En- 
ergy Commission and by General Electric at peak 
rated voltage. The gridded ignitrons are at present 
rated on their past performance in military and indus- 
trial systems. 

In the capacitor-discharge current ratings for one 
elementary ignitron, a test condition is a damped 
oscillatory discharge with a frequency of 2500 cycles 
per second, described as a half-sine wave of 120 micro- 
second base. The first current maximum in the oscil- 
latory train is 60,000 amperes. The damped oscilla- 
tions persist for 20 cycles. 

The second test condition is an oscillatory frequency 
of 25,000 cycles per second (half-sine wave base of 
20 microseconds) persisting for 20 cycles with the 
maximum current of 100,000 amperes. 

In crowbar service, a non-oscillatory discharge is de- 
fined. This current should degenerate to less than 
100 amperes within two milliseconds. The d-c short- 
circuit current beyond this time should persist no 
longer than a tenth of a second. These approximate 
values are proposed to prevent damage to the tube 
which would result from a prolonged d-c current when 
the cathode spot is anchored to the side wall of the tube. 

For d-c short-circuiting application where currents 
are greater than 50 amperes, it is recommended that 
the input to the d-c supply be equipped with high- 
speed circuit breakers which will limit the duration 
of the short-circuit current to about 30 milliseconds. 

Though not in the present rating system, tests have 
established the capability of the elementary ignitrons 
to conduct approximately 30 ampere-seconds of charge 
with good recovery characteristics. As further tests 
extend this tentative limit, published data will be re- 
vised to include the information. 

until contact or opening should not be ignored. 

Discharge  Rate 

A maximum discharge rate for the elementary igni- 
trons is based upon the maximum voltages and cur- 
rents being applied during the conditions described 
in the paragraph defining current ratings. Applications 
must be analyzed before a maximum discharge rate 
can be estimated. In many instances, higher rates than 
the maximum specified are permissible. As repetition 
rates exceed elementary design capabilities, high-rep- 
rate ignitrons should be used. 

Tube Inductance 

When a coaxial mounting is used, the inductance of 
the elementary ignitron is approximately 0.04 micro- 
henrys. Most circuits include much greater induct- 
ances in wiring and other components, making the 
effect of tube inductance negligible. 

Tube  Resistance 

Tube resistance during discharges of several thou- 
sand amperes has been estimated at less than 10 
milliohms. In most applications, this resistance is neg- 
ligible compared to circuit and load resistance. 

lonization  Time 

The ionization time is the time required after appli- 
cation of ignitor excitation for anode conduction to 
be established. For minimum ionization time, the 
ignitor firing circuit should have a rise time of less 
than one-half microsecond and should have an open 
circuit voltage of at least 2000 volts. lonization is 
readily attained with lower voltages and currents. 
However, the lower level of excitation results in longer 
ionization times and greater disparity from pulse to 
pulse in ionization times. 

With the recommended ignitor excitation, cathode- 
spot formation time is approximately 0.5 micro- 
seconds, and tube conduction follows in approximately 
0.1 microsecond under normal operating conditions. 

Total  Charge 

The total charge through the ignitron can be com- 
puted for the specific circuit under consideration. For 
oscillatory circuits, the charge involved in successive 
reversals should be considered, as shown in the total- 
conduction example on page 10. In energy-diverter 
(power-supply crowbar) service, the charge conducted 

Life 

The number of shots expected from an ignitron in a 
specific service is dependent on several circuit condi- 
tions acting simultaneously. In general, life varies 
inversely as the cube of the peak current and inversely 
as the square of the current duration. An analytical 
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2>fd, 5000 V. DC 
1  MEG, 2 WATTS 
20 OHMS, 2 WATTS 
5 MEG,   4 WATTS 
20,000 OHMS, 4 WATTS 
115 V. PRI/2500—2.5 V. SEC. 
1:1  PULSE TRANSFORMER 
HEATER TRANSFORMER 
RECTIFIER 
HYDROGEN THYRATRON 

TO 
IGNITOR 

Fig.   13—Ignitor Firing Circuit 

expression yielding precise predictions is not available. 
Best predictions are still made by comparison with 
similar applications. 

Ignitor  Requirements 

The ignitor excitation circuits should De evaluated 
separately from the ignitron, and published data re- 
fer to circuit parameters obtained in this manner. 

Open-circuit  Voltage 

Ignitor  open-circuit  voltage   is  measured  at  the  fir- 
ing circuit output terminals with ignitor disconnected. 

Short-circuit Current 

The short-circuit current rating is for the ignitor cir- 
cuit alone when its terminals are short-circuited. 
Short-circuit current may be as low as 50 amperes 
and it is likely that further development of circuitry 
will reduce the published requirements. The ultimate 

limit will be that minimum excitation level at which 
reliable firing is still obtained. 

It is good practice to maintain a cathode spot by ig- 
nitor excitation during the entire capacitor discharge. 
The energy required to maintain a cathode spot is 
small. Applicable is the capacitor-discharge type of 
excitation which provides high voltage initially, but 
which will still provide sufficient voltage and current 
later in the main discharge to maintain a cathode 
spot. Such a circuit, adequate for initiating capacitor 
discharges and d-c short-circuiting switching in many 
applications, is shown in Fig. 13. Similar circuits using 
SCR's have also been developed. 

For gridded ignitrons, where signals must be applied 
to the ignitor and grids, more complex circuitry is re- 
quired. 

Mounting  Methods 

Mounting methods will differ from application to ap- 
plication. However, the vertical anode-terminal-up 
position recommended in published data and the co- 
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axial return are all provided by the cathode mount 
detailed in Fig. 14 for the small ignitron. Fig. IS shows 
a typical coaxial mount for gridded ignitrons. 

Type  of  Cooling 

For best performance, the mercury pool of the ignitron 
should be kept below 40 C and should be several de- 
grees cooler than the anode. When the cathode tem- 
peratures become greater, voltage hold-off ability and 
recovery properties are temporarily decreased. For 
high-duty applications of small ignitrons, additional 
cathode cooling may be required in the forms of air 
directed at the cathode or water coils brazed to the 
coaxial mount as indicated in Fig. 14. 

The gridded ignitron, whose construction provides 
the high voltage hold-off capability, also has firing re- 

quirements more exacting than those of the elemen- 
tary tubes. To maintain the optimum internal tube 
temperatures for reliable starting, a water jacket is 
incorporated in the tube. Water temperature should 
be maintained at about 35 C. Anode temperature is 
maintained at about 75 C by radiant heat if the igni- 
tron is to be used near its maximum voltage ratings. 

Conditioning  Schedule 

For an ignitron to perform reliably at high voltage, 
no residual gas should be present in the tube and no 
mercury can be tolerated on the internal surface of 
the anode seal. This seal is part of the tube envelope 
and electrically separates cathode from anode. 

To assure that newly shipped tubes conform to both 
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requirements, the following conditioning schedule is 
suggested prior to tube use. 

steel contact surfaces to prevent deterioration of the 
electrical contact between the tube and clamp. 

First, direct a 100-watt heat lamp at the anode lead 
and seal area for several hours. The temperature dif- 
ferential thus set up in the tube will distill the mer- 
cury in the anode region to the cathode end. 

Second, keep the tube in a vertical position during sub- 
sequent handling. 

Next, subject the tube to a high-potential test. An a-c 
or d-c potential is applied from anode to the cathode 
with current flow limited to 5 to 50 milliamperes. 
Intermittent conduction can be detected with a milli- 
ammeter or with a neon glow lamp connected across 
an appropriate part of the series limiting resistance. 

Raise the voltage slowly. Occasional voltage break- 
downs may occur, resulting in conduction. However, 
in a good tube, conduction periods will be intermit- 
tent and will last for only a fraction of a second. If 
current tends to become continuous, voltage must be 
quickly reduced until current ceases. Increased volt- 
age may then be re-applied. In this manner, it will be 
possible to apply a few kilovolts above the tube 
ratings in approximately an hour. 

Handling  Practice 

Once the conditioning has been completed, it need 
not be repeated unless mercury again comes in con- 
tact with the anode seal. 

During standby, the anode should be kept at a slightly 
higher temperature than the cathode. Radiant heat 
directed at the anode prior to operation after long 
standby will assure good tube performance. 

Installation 

When installing elementary ignitrons in the coaxial 
mounting, connect the anode first. Apply torque only 
between the hevagonal nut at the base of the anode 
stud and a nut threaded on the anode stud. Torque 
applied by holding the body of the tube while tighten- 
ing the anode nut could break the anode seal. 

Line up the coaxial cylinder with the axis of the tube 
before tightening the clamp around the cathode. Mis- 
alignment could result in tube damage. 

Use a small amount of clean grease on the stainless- 

Request the appropriate ignitor lead when ^ordering 
the tube. Leads are available in 73/i-inch and 13Vz- 
inch lengths, and fit ignitrons with 0.250-inch diameter 
ignitor terminals. The lead has a cap which engages 
the ignitor stud at one end and terminates in a lug at 
the other end for connection to firing circuitry. 

Residual Voltage 

In oscillatory discharges, the energy on the capacitor 
will never be entirely dissipated in the load. As the 
voltage amplitude of the oscillation becomes smaller, 
the ignitron will successfully hold off a small inverse 
voltage. This leaves the capacitor bank with a resid- 
ual charge in direction opposite to its original charge. 
In many installations, circuits are provided to com- 
pletely discharge the.bank after regular discharge ends. 

SERIES AND MULTIPLE 
OPERATION 

When the capabilities of an individual ignitron are 
exceeded, ignitrons can be used in combination to 
meet the requirements. 

If the hold-off voltage requirements exceed the ratings 
of a single ignitron, the tubes may be arranged for it(ay 
series operation. Such a circuit is shown in Fig. T6 . 
The  ionization  time  for  the  series  arrangement  is 
twice the ionization time of a single ignitron, or about 
one to two microseconds. If this delay is not tn[f rihlr " 16(b), 
a second firing circuit, as shown in Fig. PK could be 
provided for  ignitron  V,  so that  ionization  in both 
tubes could occur simultaneously. 

The large gridded ignitrons have been successfully 
used in series operation. 

In many applications the current capacity of a single 
ignitron is exceeded. In some of the Atomic Energy 
Commission installations where megajoules of charge 
are being switched, hundreds of small ignitrons are 
fired simultaneously so that no single tube in the 
parallel bank is over-stressed. 

The tube arrangement is one of simple paralleling 
with a single firing circuit for banks of eight to  16 
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switch tubes. The principle is shown in Fig. 17. 
For ideal operation, each branch of the parallel circuit 

should contain sonic inductance. The presence of 
this inductance during firing assures adequate anode 
voltage across a tube which ionizes an instant later 
than other tubes. In some circuits, the length of leads 
is sufficient to provide adequate isolation between 
tubes and assures adequate firing voltages for late- 
firing tubes. In other circuits, each tube is in series 
with part of the capacitor-discharge bank so that it 
is partly isolated from other tubes during ionization. 

CHOOSING THE 
APPROPRIATE TUBE 

tions. The exercise below is presented as an example 
of the reasoning which would lead to the choice of a 
combination of ignitrons for a specific task. 

A capacitor is charged to 18 kv initially in a circuit 
which will have an estimated reversal of 85 percent 
at a frequency of 15,000 hertz, and an initial peak 
current of 118.000 amperes. Frequency of operation 
will be once every two minutes. 

The task requires a voltage hold-off capability of 18 
kv. From Table I (page 2), an elementary ignitron 
with a 20-kv peak anode voltage rating may be con- 
sidered. 

118,000 amperes is beyond the peak current capability 
of a single elementary tube. Hence two tubes in paral- 
lel should be considered. 

Each  application  will   involve  individual   considera-       Total charge per tube should be checked. 

(a) 

V, Vj  IGNITRON 
Ci C2 0.2/xfd 
Ri, R2    10 MEG., 200 WATTS 
R3 30 OHMS, 4 WATTS 
R4 75 OHMS, 4 WATTS 

SIGNAL 

O  

IGNITOR 
FIRING CT 

R, 

u 
IGNITOR 

FIRING   CT y 
(b) 

R2 

Fig. 16—Series Operation of Ignitrons to Control High-Voltage Discharge 
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1      M Total Charge =    ~ Mp      where r = .85 I-r\«7 
1 

T = -=66.6X10 ^ 

ip = 59,000 amperes/tube 

/66.6X10 
, 59,000 

1 --.85\ w 

= 8.35 ampere-seconds/tube 

This is well within the recommended limits. 

Duration of discharge should also be checked. The as- 
sumption could be made that conduction ceases 
when inverse voltage becomes less than   1000 volts. 

In 

In 

In 

8] 

18000 
1000 

In 
18000 

0.85X18000 

= 1178 microseconds 

where ei = 18000 
e,=0.85 e, 
e„=1000 

66.7 XIO"6 

This pulse duration is within recommended limits. 

Finally, frequency of operation should be checked. 
This is within specified limits. 

The choice of two elementary ignitrons rated for 
peak anode voltage of 20 kv and peak current of 
100,000 amperes is conservative. Tubes should provide 
many thousands of successful operations. 

The selection of the proper ignitron for a capacitor- 
discharge or crowbar application follows a survey of 
all circuit conditions such as peak voltage, maximum 
current, duration and nature of discharge, and fre- 
quency of discharge as well as the reliability and life 
required of the apparatus and its physical limitations. 
This bulletin is a summary of principles and practice 
involved in the use of ignitrons for capacitor-discharge 
and crowbar applications. For broader, more defini- 
tive studies, several excellent detailed articles can be 
consulted. To make this information more readily 
available, a bibliography is included. 
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Fig. 17—Parallel Operation of Ignitrons with Single Firing Circuit 
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APPENDIX 

SUMMARY OF EQUATIONS 

THE OSCILLATORY CONDITION:  R< 2 

THE CRITICALLY DAMPED CONDITION: R = 2./^ 

Peak Current: iB = 0.736- 

Frequency: f = — A /— 
27r \LC 

VLC 

1 
f=T 

Peak Current:      Cde 
=(!'> 

iD = 1.57 C 
de 

dt 

Inductance:    L = 
47r2C 

_^_r(E)i Damping:     ^ = ^ _,f Vai/si 
ii      ei 

62 
Percent Reversal: % reversal = — 100 

■2 
r 100 
ii 

Resistance:   R^Sn^ 
T 62 

Total Conduction: Qi = —|- 

Approximate time for capacitor voltage to 

er 

diminish to e • t„ = 
In 

In 6: 

Cap. Volt, at ip ec = 0.736 E 

Time to reach 2L 
^ = R 

RC 
2 

Inductance: L = R2C 

4 

. 
C 

Resistance: «4' 
Capacitance: 

<-* 

R 

Charge; Q = CE 

THE  OVER-DAMPED  CONDITION: R>2J- 

EC (-') 
Current: i= —V2L/ sinh Nt 

ML 

where 
I R2        1 

(1) Voltage: ec = Er      ^ (cosh Nt--sinh N») 

Time of 
Current Maximum: fp=- fanh'1   

N R 
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